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Abstract
To assess the potential influence of coastal development on the quality of
estuarine habitat for nekton, we characterized land use and the intensity of land
development surrounding small tidal tributaries of Tampa Bay. Based on this
characterization, we classified tributaries as undeveloped, industrial, urban or man-made
(i.e., mosquito-control ditches). Over one-third (37%) of tributaries were determined to
be heavily developed, while fewer than one-third (28%) remain relatively undeveloped.
We then examined the nekton community from eleven tributaries in watersheds
representing the defined land-use classes. Whereas mean nekton density and species
richness were both independent of land use, nekton-community structure differed
between non-urban (i.e., undeveloped, industrial, ditches) and urban tributaries. In urban
tributaries, the community was skewed towards high densities of poeciliid fishes while
typically dominant estuarine taxa were in low abundance or nearly absent. Densities of
economically important taxa in urban creeks were also only half that observed in most
non-urban creeks, but were similar to those observed in mosquito ditches. Furthermore,
six of nine common taxa were found to be in relatively poor condition (6-22% smaller in
mass), or were rarely collected, in urban creeks. Reproductive output was reduced for
both sailfin mollies (i.e., fecundity) and grass shrimp (i.e., very low densities and few
ovigerous females) in urban tributaries. Canonical correspondence analysis differentiated
non-urban and urban tributaries based on greater impervious surface, less natural
mangrove shoreline, higher frequency of hypoxia and lower, more variable salinities in
vii

urban tributaries. These characteristics explained 48% of the variation in nekton data,
including the high densities of poeciliid fishes, greater energy reserves in sailfin mollies
and low densities of several common nekton and economically important taxa from urban
creeks. Our results suggest that urban development in coastal areas has the potential to
alter the quality of habitat for nekton in small tidal tributaries as reflected by variation in
nekton metrics between urban and non-urban tributaries.
To further evaluate the link between coastal development fish-habitat quality, we
examined the relationship between landscape development intensity (LDI) and the body
condition of juvenile sailfin mollies (Poecilia latipinna), a dominant forage fish in tidal
tributaries. Morphometric condition, measured as least-square mean dry weight, did not
differ statistically among tributaries (P = 0.85). In contrast, biochemical condition,
measured as the concentration of triacylglycerol (TAG), the predominant storage lipid,
was significantly different among tributaries (P < 0.0001). LDI explained less of the
observed variation in TAG content (R2 = 0.18, P = 0.11) than long-term mean salinity (R2
= 0.81, P < 0.0001), which also tended to be lower in more intensively developed
watersheds. We hypothesized that urban land use, characterized by considerably greater
impervious surface than undeveloped lands, contributed to altered watershed hydrology,
high freshwater runoff and low salinities in urbanized creeks. Together these factors
appear to foster conditions conducive to lower energetic cost of osmoregulation in urban
creeks, and development of a benthic microalgal community of greater nutritional value
than the food resources available in non-urban tributaries. To our knowledge, this is one
of the first studies to relate urbanization to the condition of resident fishes.

viii

While not directly related to coastal urbanization, the level of predation risk
within a habitat is a direct measure of habitat quality that could be reflected by the
reproductive strategy of potential prey. To evaluate the use of reproductive metrics of
fish-habitat quality, we examined reproduction in P. latipinna from eleven tidal
tributaries. Our results revealed a gradient along which females produced many, small
offspring at one extreme (mean=42 offspring, 17 mg each) and fewer, larger offspring at
the other (24 offspring, 29 mg each). Reproductive allotment ranged from 14.9 – 21.5%
maternal biomass. Based on our observation of divergent reproductive strategies, we
experimentally tested the null hypothesis of no difference in predation risk among
tributaries using a novel quantitative approach to estimate predation. We predicted
greater risk in tributaries where mollies produced many, small offspring. Tethering
confirmed increasing risk from 16.2 ± 5.3% SE to 54.7 ± 3.6% fish lost h-1 across sites in
agreement with observed variation in reproduction. Predation was unexpectedly higher
than predicted at one of the four sites suggesting that additional factors (e.g., food) had
influenced reproduction there. Our results provide insight into the well-studied concept
of predator-mediated variation in prey reproduction by quantitatively demonstrating
differential risk for mollies exhibiting divergent reproductive strategies. While the
observed range of variation in reproductive traits was consistent with previous studies
reporting strong predator effects, higher than expected predation in one case may suggest
that the prey response does not follow a continuous trajectory of incremental change with
increasing predation risk, but may be better defined as a threshold beyond which a
significant shift in reproductive strategy occurs.

ix

General Introduction
Understanding the quality of estuarine habitats such as seagrasses, oyster beds and
mangrove tidal creeks requires an understanding of the benefits imparted by these
habitats upon the faunal communities that occupy them. In many cases, the quality of a
particular habitat varies among members of the faunal community (e.g., nekton, benthic
macroinvertebrates, meiofauna), among species within a community and among life
stages within a species.
The ability to quantify habitat quality allows for the assessment of natural variation
among locations within a habitat, among habitats and among estuaries; it also provides a
means for evaluating potential habitat degradation caused by anthropogenic impacts. One
common source of anthropogenic impact to estuarine ecosystems is that caused by landscapescale changes to the watershed associated with coastal development.
Coastal watersheds are among the most heavily populated land areas on Earth. As of
the end of the 20th century, greater than half of the human population inhabited land within
100 kilometers of the coastline (Vitousek et al. 1997). By the year 2025, it is predicted that
75% of the population will occupy this coastal zone (Hinrichsen 1998). Rapid human
population growth translates to conversion of natural land cover to urban, suburban,
industrial and commercial land uses, which results in altered hydrology, increased pollution
in surface waters, changes in energy and resource production and consumption, local climate
change and inevitably, shifts in the structure of faunal communities (Collins et al. 2000,
Kalnay and Cai 2003, Xian and Crane 2005, Xian et al. 2007). In large urbanized estuaries,
1

urban sprawl continues to transform the landscape by converting upland and wetland land
cover to urban lands. For example, in the Tampa Bay watershed on Florida’s west-central
coast, the extent of urban development tripled in the decade between 1991 and 2002, and is
predicted to reach a four-fold increase in extent over the period from 1991 to 2025 (Xian et
al. 2007). Associated with increased urbanization is a loss of natural estuarine habitats
including mangrove wetlands (Vitousek et al. 1997, Alongi 2002), which are a dominant
feature of sub-tropical and tropical ecosystems, providing critical structural and functional
habitat for a diverse aquatic fauna (Nagelkerken et al. 2008).
In light of these rapid ecological changes to coastal ecosystems, it is imperative that a
better understanding of the consequences of altered ecosystems be reached to ensure
sustainability of this resource for human use, as well as for the continued stability and
persistence of the greater ecosystem (Weinstein and Krebs 2010). To enhance our
understanding of the relationship between coastal development and the quality of estuarine
habitats, it is therefore necessary to identify ecological aspects or indicators that
meaningfully reflect changes in habitat quality resulting from modifications to the watershed.
Among the various elements of the estuarine ecosystem presented as indicators of
environmental degradation in the scientific literature, fishes are among the more widely used
for assessing the quality of estuarine habitats. The utility of fishes as indicators stems from a
number of attributes (Whitfield and Elliott 2002). Fishes are nearly ubiquitous in coastal
systems. Their variable tolerances to environmental degradation, mobile organisms that
respond to degradation by moving among habitats, most fish communities are represented by
species from a relatively wide range of functional guilds, easily identified in the field, many
common species are well-studied.
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Abundance-based measures of habitat quality are among the most common nektonbased metrics used to assess habitat quality in coastal systems. Of the 99 studies published
between 1975 and 2008 that used nekton-based metrics to assess differences in habitat
quality in coastal estuaries (Appendix A), nearly half (47%) applied abundance-based
metrics. This trend demonstrates the prevalence of abundance-based metrics in studies of
estuarine habitat quality, despite their misleading nature and the inherent difficulties
associated with the interpretation of animal abundance (Van Horne 1983). Of the studies that
quantified nekton abundance, the majority (85%) also used other metrics, most commonly
those that quantified some aspect of growth, body size or biomass (i.e., 57% of studies that
included an abundance-based metric). In 45% of the studies that employed multiple metrics
inclusive of abundance (18 of 40 studies), the results gleaned from abundance contradicted
that of the other metrics. High densities in these studies were associated with lower species
richness, diversity or community composition (n=4 studies), smaller body size (n=5), slower
growth (n=7), poorer body condition (n=5), lower survival (n=5) and lower secondary
production (n=2).
Metrics of habitat quality based on growth were nearly as common as abundancebased metrics and were used in 41% of the studies reviewed. Other frequently used metrics
included those describing body condition (23%), community metrics (16%) including species
richness, diversity, species composition and community structure, mortality, predation rate or
avoidance (16%), trophic ecology (15%) specifically diet, gut fullness, foraging activity and
stable isotope signatures, body size or population size structure (13%) and biomass or
secondary production (12%). Despite their relevance to individual well-being and population
persistence, metrics related to biochemical condition (e.g., energy storage, lipid content),
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nekton health (e.g., parasite load, presence of organ lesions, skeletal anomalies, immune
function), tissue contaminant burden and reproduction (e.g., fecundity, offspring size,
gonadosomatic index, percent gravid) were used in fewer than 5% of studies.
Metrics describing the physiological condition, reproduction and survival of fishes
are more ecologically informative than abundance-based metrics as they are more directly
related to population persistence. At the community-level, species richness and community
structure may be less ambiguous than total nekton abundance in defining habitat value.
Species richness, in particular, conveys information about how many different taxa are found
in a given area. Areas with high species richness may be more likely to provide a greater
diversity or broader suitability of environmental conditions than an area with low species
richness.
The purpose of my dissertation research was to assess the link between coastal
development and the quality of nekton-habitat in mangrove tidal tributaries. To address this
problem, I chose to use a suite of nekton-based metrics, which consisted of several of the
more traditional metrics including abundance and species richness, as well as several of the
less commonly applied, but potentially more biologically informative, metrics that
characterized community structure, body condition, reproduction and predation risk. In
addition to providing an evaluation of various traditional and less commonly used nekton
metrics, this research examines the quality of two relatively unstudied estuarine habitats:
small tidal tributaries (11% of reviewed studies) and mangroves (1% of studies).
The first chapter sets the foundation for this research by sampling the nekton
community in eleven tidal tributaries from the Tampa Bay estuary over the course of 2 years
(2007-2008) in order to characterize nekton community structure, total-nekton and species-
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level densities, species richness and the association of the fish community and abundance and
richness based metrics with various land uses representative of those found in southeastern
United States estuaries. In order to move beyond abundance based measures and to test the
applicability of more biologically informative metrics of habitat quality, I also considered
metrics describing body condition in terms of morphological and biochemical condition. I
also considered metrics that quantified reproductive output of nekton.
Chapter 1 presents the results of the land use characterization of Tampa Bay’s 55
named tidal tributaries and two mosquito-ditched mangrove wetlands, describes site selection
for the remainder of the dissertation work and then relates nekton metrics with land use and
landscape development intensity in the eleven tidal tributaries. A multivariate analysis was
used to incorporate all metrics and to evaluate their relationship with the watershed land use
and in-stream fish habitat measures used to discriminate among tidal tributaries.
Chapter 2 evaluates body condition of the sailfin molly, Poecilia latipinna from the
same eleven tidal tributaries and quantifies body condition in terms of morphometric
condition, which was based on analysis of length-weight relationships, and biochemical
condition, which was derived from the tissue composition of lipids, proteins, water and ash.
This purpose of this study was to determine the strength of the relationship between fish
habitat quality in small tidal tributaries, as inferred from the body condition of an
ecologically important forage fish, and the intensity of landscape development in the
surrounding watershed.
Chapter 3 address reproduction as a metric of habitat quality and seeks to explain
variation in the reproductive strategy of P. latipinna among eleven tidal tributaries. In this
study, natural variation in habitat quality is measured in terms of predation risk. evaluates
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the nature of the relationships between predation risk and reproductive strategy of a dominant
forage fish, P. latipinna, in mangrove tidal tributaries.
Collectively, these studies address the idea that density is a misleading indicator of
habitat quality as asserted by Van Horne (1983) for the nekton community from mangrove
tidal tributaries in a subtropical estuary in the southeastern United States. The focus then
moves beyond this traditional measure of habitat quality to evaluate nekton metrics that are
perhaps more biologically informative for quantifying the well-being and reproductive
potential of nekton from habitats across a range of land development intensity and
representative land uses.

6

Chapter One
Assessing the Link Between Coastal Urbanization and the Quality of Fish
Habitat in Mangrove Tidal Creeks
Introduction
Coastal ecosystems are rapidly changing as a result of urban development,
prompting a greater need to understand the ecological response of these natural systems
to urbanization-induced changes in the landscape. Within coastal watersheds, tidal
tributaries represent a relatively small percentage of all estuarine habitats, but lie at the
interface between terrestrial and aquatic realms and are closely linked both physically and
functionally to processes in both the surrounding watershed and the open estuary
(Holland et al. 2004, Lee et al. 2006, Martinetto et al. 2006, Sanger et al. 2011). Due
perhaps to their lack of prominence in the landscape (in contrast to the more familiar
seagrass, saltmarsh and even tidal river habitats) small tidal tributaries, often referred to
as tidal creeks, have been a relatively unstudied element of the estuarine ecosystem,
particularly in those dominated by mangroves. This paucity of study is particularly
surprising due to the potentially significant ecological role of tidal tributaries (Mallin and
Lewitus 2004, Nagelkerken et al. 2008, Sherwood 2010) as habitat for a distinct subset of
the estuarine fish community (Tuckey and DeHaven 2006) and as a source of primary
and secondary production for the greater estuary (Kneib 2003, Stevens et al. 2006a).
Tidal creeks serve as important habitat for nekton and as a site of high
productivity. Tidal creeks in mangrove and saltmarsh wetlands support higher densities
7

of many species and distinct assemblages of nekton compared to adjacent habitats such as
seagrass beds (Tuckey and DeHaven 2006), mangrove and saltmarsh shorelines in the
open estuary (Stevens et al. 2006a,b, Greenwood et al. 2008a) and tidal river shorelines
(Shervette et al. 2007, Greenwood et al. 2007a, Greenwood et al. 2008a, Stevens et al.
2010, Viana et al. 2010). Many of the abundant resident taxa found in tidal creeks derive
their energy from benthic microalgae or phytoplankton (Sherwood 2008) and thus benefit
from the primary productivity of tidal creeks. Relative to surrounding habitats, high
densities of resident forage taxa (e.g., fundulid, poeciliid and atherinopsid fishes and
palaemonid shrimp) make tidal creeks profitable foraging areas for transient piscivores
including larger fishes and wading birds (Stevens et al. 2006b). Furthermore, higher
densities of juvenile striped mullet (Mugil cephalus), common snook (Centropomus
undecimalis), Atlantic croaker (Micropogonias undulatus), spot (Leiostomus xanthurus)
penaeid shrimp and blue crabs (Callinectes sapidus) relative to adjacent habitats, for
example, suggest that tidal creeks from the northeastern Atlantic coast of the U.S. to the
Gulf of Mexico serve as nursery habitat for economically important taxa during their
early life histories (Weinstein 1979, Ross 2003, Stevens et al. 2007, Yeager et al. 2007,
Shervette and Gelwick 2008, MacDonald et al. 2010). Mangrove tidal creeks in
particular have been shown to support greater densities of juveniles of some economic
species relative to adjacent habitats (Laegdsgaard and Johnson 1995, Krumme et al.
2004, MacDonald et al. 2010, Stevens et al. 2010), underscoring the potential importance
of tidal tributaries to coastal economies. Despite the apparent ecological and economic
value of these systems, relatively little is known about the link between coastal
development and the quality of fish habitat in tidal tributaries.
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Our understanding of how urbanization affects the ecological condition of coastal
tributaries is based largely on studies from freshwater streams. Although numerous
factors have been cited as the cause for ecological change to streams and while
urbanization effects may vary among geographic regions (Brown et al. 2009), it is
generally agreed that urban land uses modify the surrounding watershed and alter the
relative quality of stream habitats through just a few proximate mechanisms that can be
directly linked to a large suite of factors (Allan 2004). Changes to the land surface from
permeable to impervious during urbanization alter the hydrologic characteristics of the
watershed from one of rainwater infiltration to one of flashy rainwater runoff thereby
accelerating the delivery of sediments, nutrients and chemical contaminants to the stream
(Arnold and Gibbons 1996, Konrad and Booth 2005). The amount of impervious surface
in a watershed has been suggested as one of the most integrative indicators for assessing
the ecological impacts of urbanization (Arnold and Gibbons 1996, Xian and Crane 2005,
Schueler et al. 2009) with greater pollutant loading and sedimentation resulting from
more extensive urban development (Fulton et al. 1993, Busse et al. 2006, Xian et al.
2007). Impervious surface has been used to successfully predict community
characteristics (e.g., density, diversity, stress-sensitive taxa) of stream fishes in urbanized
freshwater systems (Wang et al. 2001, Roy et al. 2005) and in small tidal tributaries
(Holland et al. 2004). One prominent difference between freshwater streams and tidal
tributaries, and even among tidal tributaries experiencing different levels of tidal forcing
(Sanger et al. 2011), may be the potential role of tidal exchange in mitigating land-use
effects by continually removing and renewing creek water (Buzzelli et al. 2007).
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In tidal systems, Holland et al. (2004) and Sanger et al. (2011) noted that the
physical and chemical changes wrought by increasing impervious surface were
accompanied by measurable changes in the biotic community in saltmarsh tidal creeks in
the southeastern U.S. and northern Gulf of Mexico. Tidal creeks are typically nitrogen
limited and, as a result, these systems tend to be sensitive to nutrient inputs (Mallin et al.
2004) and prone to phytoplankton blooms that result from the nutrient contributions
characteristic of urbanized watersheds (Busse et al. 2006). Low dissolved oxygen
concentrations and frequent hypoxia often follow algal blooms (Rabalais 2002) and
further degrade water quality for the nekton community. It is through these mechanisms,
each ultimately tied to watershed imperviousness, that changes in land use have the
potential to alter the ecological state of tidal tributaries.
Alteration of the surrounding landscape and in-stream habitat (e.g., physical
structure and water quality) for tidal tributaries in developed watersheds may explain
differences in the nekton community and the quality of fish habitat (i.e., the ability of the
environment to provide conditions necessary for individual survival and population
persistence, sensu Hall et al. 1997) in these systems compared to undeveloped systems.
A greater percentage of urban lands and impervious surface in the surrounding
watershed, less natural structure along the shorelines, disruption of tidal connectivity,
more frequent hypoxia or greater salinity variability, for example, may elicit a
quantifiable response from the nekton community that could be useful in assessing the
effects of coastal development on the quality of the habitat. The biotic response to such
alterations may be observed as a reduction in nekton density (Wang et al. 2000) or
biomass (Vernberg et al. 1992), a change in community structure (Helms et al. 2005,
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Schweizer and Matlack 2005, Valentine-Rose et al. 2007), a loss of trophic- or habitat
specialists in favor of generalists (Roy et al. 2005, Alexandre et al. 2010) or a decline in
the abundance of stress-sensitive taxa and an increased dominance by stress-tolerant
species (Holland et al. 2004). At the species level, lower habitat quality might be
associated with reduced growth rates, condition, reproduction or survival (Lloret and
Planes 2003, Martin et al. 2009, Piazza and LaPeyre 2010), all of which are potentially
quantifiable metrics of the biotic response to coastal development.
Small tidal tributaries in the Tampa Bay estuary on Florida’s Gulf coast are found
within a larger matrix of undeveloped, industrialized and urbanized land uses and may be
of natural or man-made origin. Several recent studies of Tampa Bay’s tidal tributaries
have characterized the associated nekton community and described relationships of
nekton to in-stream fish habitat and watershed characteristics (Greenwood et al. 2007a,
Krebs et al. 2007, Greenwood et al. 2008a,b, Sherwood 2008, MacDonald 2010,
Sherwood 2010). One study in particular (Krebs et al. 2007) demonstrated that the origin
of a tributary (i.e., natural or man-made) may be less predictive of its potential habitat
value than the environmental conditions that characterize in-stream habitat in the
resulting type of tributary (i.e., tidal creek, mosquito-control ditch, stormwater drainage
ditch). Collectively, these studies have shown that spatial variation in community
structure among tributaries (and density for some species), and among habitats within a
tributary, is greater than temporal variation (i.e., monthly, seasonal) and is related to
physicochemical (e.g., salinity, substrate, shoreline structure) and geomorphological (e.g.,
channel width) features within the tributary. Although several of these studies have
examined variation in nekton-community attributes in the context of watershed land use
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(Greenwood et al. 2008a,b, Sherwood et al. 2008), Krebs et al. (2010) have suggested in
a synthesis of recent and historical research results for Tampa Bay’s tidal tributaries that
a clear association between the nekton community and the surrounding landscape
remains elusive.
The purpose of the current study was to evaluate the link between coastal
urbanization and the quality of small tidal tributaries as fish habitat. To do this, we
examined nekton assemblages from eleven tidal tributaries in developed and undeveloped
watersheds in Tampa Bay and characterized habitat quality in these tributaries in terms of
a series of nekton-based metrics. Based on the assumption that watershed development
reduces the ecological value of natural systems (Holland et al. 2004), we predicted that
fish habitat in natural tidal tributaries from undeveloped watersheds was of higher quality
than that of natural tributaries from developed watersheds and of man-made tidal
tributaries (i.e., mosquito-control ditches). We hypothesized that nekton metrics would
indicate diminished habitat quality for developed and man-made tributaries relative to
reference sites as reflected by lower total nekton densities and richness, less similar
community structure compared to that observed at reference sites, poorer body condition
and reduced reproductive output. We further hypothesized that the relative value of fish
habitat, measured using nekton metrics, would be most similar among tidal tributaries
from the same land-use class and most dissimilar among tributaries from developed and
undeveloped watersheds.
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Materials and Methods
Land use characterization for Tampa Bay’s tidal tributaries
Tidal tributaries and watershed land uses in Tampa Bay were identified using the
U.S. Geological Survey’s National Hydrography Dataset (NHD; http://nhd.usgs.gov) and
the Southwest Florida Water Management District’s (SWFWMD) 2006 Land Use layer
(http://www.swfwmd.state.fl.us). Three data layers from the NHD (Flowline, Area, and
Waterbody) were intersected with the SWFWMD Land Use layer to combine information
on the extent and location of tributaries and the surrounding watersheds. For each
watershed, basin size was calculated and tributaries were delineated along the entire
extent of the mainstem excluding lower-order tributaries. Tributary length was measured
along its centerline while mosquito ditches were measured as the sum of all contiguous
ditches. Our analysis encompassed the 55 named tidal creeks and two mosquito-ditched
areas within the Tampa Bay estuary (Figure 1) but did not include the larger tidal rivers.
We characterized each of the tidal tributaries in terms of the type and extent of
land cover and land modification within the watershed using ArcMap GIS 9.2 (Table 1).
Previous work has demonstrated that environmental conditions and biotic integrity in
wetlands are often more closely correlated with land uses along the shoreline and in the
immediately surrounding area (i.e., within 100 m) than with watershed land use (Basnyat
et al. 1999, Wang et al. 2001, Brown and Vivas 2005, Van Sickle and Johnson 2008,
Sherwood 2010). Therefore, we estimated percent composition for each land-use class
within a 100-m buffer on both banks of each tributary using Florida Land Use
Classification Codes (FDOT 1999) and then grouped them into general categories,
including undeveloped (i.e., predominantly wetlands and intact uplands), agricultural,
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industrial, urban and other (i.e., rural and recreational). We also calculated percent
impervious surface within the 100-m buffer and at the watershed scale for each tidal
tributary using the impervious raster dataset from Xian and Crane (2005). Finally, we
calculated landscape development intensity (LDI; Brown and Vivas 2005) within the
100-m buffer for each of the tidal tributaries. The LDI index ranges from 1 to 10 along a
gradient from completely undeveloped to completely developed urban center and is an
area-weighted, land-use specific function of the amount of non-renewable energy
required to develop an undeveloped watershed and maintain developed land uses and
human activities.

Site selection
Based on the results of the land-use analysis, we selected nine tidal creeks (three
replicates each from watersheds characterized as undeveloped, urban or industrial) and
two mosquito-ditched wetlands (Figure 1, Table 2); a third mosquito-ditched location was
abandoned due to logistical constraints. Urban creeks were characterized by >30%
impervious surface and were primarily (>70%) medium to high-density residential,
commercial (e.g., shopping centers, parking lots), and/or institutional (e.g., schools,
hospitals) land uses within the 100-m buffer. Industrial land uses in the proximity of our
study sites included phosphate-based fertilizer production plants and petroleum
processing facilities.
Mosquito-control ditching is prevalent in much of Tampa Bay’s otherwise
undeveloped wetlands and is also common in coastal wetlands along the Gulf and
Atlantic coasts of the United States. The quality of fish habitat provided by these man-
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made tidal tributaries is not completely understood and may differ from that of natural
tidal creeks. However, mosquito ditches have been shown to support many of the same
nekton species typically found in undeveloped tidal creeks, are largely dominated by high
densities of resident nekton that serve as food for upper trophic levels and provide a
nursery for juvenile blue crabs (Krebs et al. 2007, Yeager et al. 2007), and therefore are
of value to the estuarine nekton community. Based on previous results and to further
evaluate the habitat quality of man-made tributaries, we have included mosquito ditches
in our study.
We considered tidal creeks from undeveloped watersheds to represent baseline
conditions for nekton habitat in Tampa Bay’s tidal tributaries and used these as reference
sites for comparisons with urban, industrial and mosquito-ditch tributaries. Several instream and landscape-scale features characteristic of natural tidal creeks include unaltered
channel geomorphology (i.e., possessing natural hydrology, unobstructed tidal
connection, no dredging within the creek channel), primarily undeveloped wetland or
upland land cover within the 100-m buffer, minimal medium- and high-density
residential, commercial, and industrial land uses, and minimal impervious surface.
Because much of Tampa Bay’s coastal watershed has been urbanized, many of the least
developed tidal creeks were located near agricultural or low-density residential areas.
We also considered geographic location within the estuary when selecting study sites in
order to allow generalization across the estuary and to account for the inherent variation
caused by factors related to distance from the Gulf of Mexico, proximity to large tidal
rivers, and influence of causeways on tidal circulation and larval transport (Figure 1).

15

Sample collection
Nekton samples were collected from each of the eleven tributaries during six
sampling events conducted at 4-8 week intervals from March-October 2007 and 2008.
Sampling was scheduled with the tides to avoid nekton escapement caused by tidal
inundation of shoreline structure. During each event, six random sites located within 1-2
km of the creek mouth were sampled totaling 36 samples from each tributary over two
years, with the exception of the mosquito ditches at Mobbly Bayou where 30 samples
were taken. Nekton were collected with a 9.1-m center-bag haul seine deployed along
the shoreline from a 1-m x 0.5-m floating raft. This raft-seine sampling method was
adapted from Greenwood et al. (2007b). One end of the net was held on shore while the
net was rapidly deployed in a semi-elliptical pattern approximately 1.5-m from, and
parallel to, the shoreline. The sample site was fully enclosed when the net was brought
onshore approximately 7.5-m upstream, effectively sampling a 10.1-m2 area. The ends of
the net were brought together taking care to keep the brailles as close to the water’s edge
as possible to prevent escapement. Once together, the wings of the net were pulled to
shore forcing nekton into the bag where the sample was collected. Each sample was
sorted and all nekton identified to the lowest practical taxonomic level, usually species.
For each sample, we measured, to the nearest 1-mm SL for fishes, 1-mm post-orbital
head length (POHL) for shrimp and 1-mm carapace width (CW) for blue crab
(Callinectes sapidus), and weighed, to the nearest 0.01-g wet weight up to ten individuals
of each taxon.
During each sampling event and prior to sample collection, we recorded
instantaneous in situ water quality in each tributary using a hand-held YSI 556 MPS
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multi-probe meter to measure water temperature (°C), salinity (ppt) and dissolved oxygen
(mg L-1). We used supplemental data collected by Pinellas, Hillsborough, and Manatee
counties and the U.S. Geological Survey from March through October of 2000-2009
(approximately 20-30 samples per tributary) to further characterize long-term waterquality conditions for each of the study tributaries. For each tributary, we calculated
mean water temperature, salinity and dissolved oxygen, standard deviation for salinity
and frequency of hypoxia (as the percent of samples <2.0 mg L-1). We included these
variables in the multivariate analysis described below. Following the collection of each
sample, we characterized shoreline habitat by recording the type and estimating percent
cover of physical structure and shoreline vegetation (e.g., red mangrove, oyster, seawall).
We classified shorelines consisting of non-mangrove shore types including seawall, riprap, terrestrial lawn grasses and the invasive Brazilian pepper (Schinus terebinthifolius)
as “altered” as these are characteristic of developed watersheds.

Nekton-based metrics of habitat quality
To evaluate the quality of tidal tributaries as habitat for nekton, we examined 22
metrics that characterized various aspects of the abundance, community structure, body
condition and reproduction of the nekton community. Abundance-based metrics
included: 1) total nekton density; 2) taxon-specific density of common taxa; 3) species
richness; 4) percent composition of juveniles of economically important species; 5)
proportion of exotic taxa; and 6) community similarity to the average community defined
by the three reference sites. We also estimated body condition for nine of the most
common nekton species using: 7) length-weight relationships derived from analysis of
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covariance (ANCOVA) to compare body mass among tidal tributaries (described below)
and 8) lipid energy reserves for sailfin mollies, which were quantified as dry-weight
standardized triacylglycerols (TAG) using thin-layer chromatography with flameionization detection methods described by Litvin et al. (2011). Finally, we described
reproduction for up to twenty gravid P. latipinna and ten ovigerous palaemonid grass
shrimp (Palaemonetes spp.) per sampling event for each tributary as: 9) fecundity and,
for the same P. latipinna measured: 10) offspring size and 11) reproductive allotment,
which we defined as the proportion of total maternal mass represented by embryos.
Details of the reproductive methods for sailfin mollies are provided by Krebs and Bell
(2012).

Statistical analyses
We examined variation in the density and species richness of total nekton and
economically important nekton in eleven tidal tributaries by testing for differences among
tributaries and among land-use classes (i.e., undeveloped, urban, industrial and mosquito
ditches) using generalized linear models using proc GLIMMIX in SAS software 9.1.3
(SAS Institute Inc. 2005). Based on the results of multivariate community analysis
(described below) that suggested differences in community structure between urban and
non-urban (i.e., undeveloped, industrial, mosquito ditches) tributaries, we also conducted
a posteriori tests for differences between these two groups using the same approach. For
all tests, we modeled the dependent variable using a negative binomial distribution and
the log-link function, an appropriate method for count data containing a high frequency
of low, non-zero values (O’Hara and Kotze 2010). When statistical differences (P !
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0.05) were observed, we performed pair-wise comparisons of the least-square means
using the studentized maximum modulus correction for multiple comparisons. Model fit
was verified by examining the Pearson chi-square statistic to ensure that the model was
not overdispersed (i.e., <1.5).
We then compared nekton-community structure (species composition and density)
among tidal tributaries using hierarchical agglomerative clustering and multidimensional
scaling of square-root transformed densities for the 24 most common taxa (99.2% of all
individuals) to plot tidal tributaries based on Bray-Curtis community similarity. Mean
nekton densities were calculated by sampling event for each tributary prior to analysis.
We tested for differences in community structure among land-use classes with Analysis
of Similarity (ANOSIM). We then averaged densities by taxon for all three of the
undeveloped creeks to approximate the “average reference community” which we
compared with each of the tidal tributaries to determine their similarity with the average
reference community. All community analyses were performed using PRIMER 6.0
(Clarke and Gorley 2006).
We compared body condition for nine numerically dominant nekton taxa using
the GLM procedure in SAS to perform analysis of covariance (ANCOVA). Using the
weighted least-square approach described by Vila-Gispert and Moreno-Amich (2001), we
tested for differences in length-standardized mean body weight among tidal tributaries,
among land-use classes and between urban and non-urban tributaries. We natural-log
transformed both the dependent variable (body weight) and the covariate (body length)
prior to analysis and tested for homogeneity of slopes by including a length-by-weight
interaction effect. When slopes were heterogeneous, we tested body weight at the length

19

of reproductive maturity as determined by examination of body size and reproductive
status and by using literature values (Hildebrand and Schroeder 1928; Greeley and
MacGregor 1983; Middaugh and Hemmer 1992; Nordlie 2000; Wallace and Waters
2004). A minimum of 30 individuals per species was used for condition analysis.
We used ANCOVA to examine variation in reproductive traits by testing for
differences in fecundity, offspring size and reproductive allotment among tributaries,
among land-use classes and between urban and non-urban tributaries for sailfin mollies
(P. latipinna) and grass shrimp (Palaemonetes spp.). To allow for comparison among
individuals of different sizes and stages of development, we standardized fecundity,
offspring size and reproductive allotment using maternal mass and embryo stage as
covariates. Back-transformed least-square means from the ANCOVA analyses for body
condition and reproduction were used in the multivariate analysis described below.
To determine which aspects of the nekton community best reflected differences in
in-stream fish habitat and land-use characteristics within the surrounding watershed, we
first examined bivariate relationships between the intensity of land development (LDI
index) and each nekton metric and related LDI to each metric using simple linear
regression. Then, we examined the relationship between nekton-based metrics and
measures of nekton habitat using canonical correspondence analysis (CCA) conducted
with the vegan package in R statistical software (Oksanen et al. 2010). Nineteen
environmental variables were considered to be descriptive of nekton habitat in the tidal
tributaries (Table 2). Ten variables described habitat within the tidal tributary (i.e.,
structural features and water quality). An additional nine variables described land use
within the surrounding watershed (primarily percent land-use cover, impervious surface

20

and spatial descriptors such as tributary length and basin size). Prior to CCA analysis, we
performed correlations to identify redundancies in this environmental dataset. We
minimized multicollinearity by removing variables that were correlated at a level >0.7
and by sequential removal of environmental variables with variance inflation factors >15.
Environmental variables were log (x+1) transformed (Palmer 1993), except for percentcomposition variables, which were arcsine-square root transformed prior to analysis.
Using vegan’s “anova.cca” function, we performed non-parametric permutation tests to
evaluate the statistical significance of each CCA axis as a function of its constraining
habitat and land-use variables and to estimate the significance of each constraining
variable. For significant axes, we determined the strength of the correlation with nekton
metrics using vegan’s species-environment function “spenvcor”. When interpreting
results, we excluded statistically non-significant variables.

Results
Land use characterization for Tampa Bay’s tidal tributaries
Fifty-five tidal tributaries and two wetlands ditched for mosquito-control (i.e.,
Weedon Island and Mobbly Bayou) were included in the land-use analysis (Figure 1,
Table 1). Landscape development intensity in the 100-m buffer ranged from 1.00 to 7.51
(Figure 2, Table 1). Based on this metric, the majority of Tampa Bay tributaries were
either moderately (LDI = 3.00-5.00 for 35% of tributaries) or heavily developed (LDI >
5.00 for 37% of tributaries). Less than one-third of Tampa Bay’s tidal tributaries, most
located on the eastern side of the estuary, remain relatively undeveloped (28% of
tributaries have LDI < 3.00).
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The subset of tidal tributaries sampled for nekton-community metrics were
located in watersheds that spanned the continuum from undeveloped to highly urbanized
(Table 1, Figures 2 and 3). Reference sites at Mobbly Bayou (MB) and Frog Creek (FC)
were largely undeveloped (97% and 82%, respectively) with <6% impervious surface in
the 100-m buffer. Cockroach Creek (CC) was also relatively undeveloped (66%) with
low impervious surface (2%), although there was considerable agricultural development
(31%) in the creek buffer. Landscape development intensity surrounding reference
creeks was among the lowest observed in Tampa Bay (! 2.2).
Urban tributaries, Peppermound Creek (PM), Tinney Creek (TC) and Wares
Creek (WC), had >70% urban development and LDI values >5.0. Land use surrounding
TC was primarily urban (74%) and highly impervious (36%) with little remaining natural
land (24%). PM was predominantly urban (70%) with a large extent of impervious
surface (28%), although the downstream reach was primarily wetlands (30%). WC was
one of the most heavily urbanized tributaries (90%) characterized by medium- and highdensity residential and commercial lands and high impervious surface (39%), but only
3% undeveloped land.
Among the industrial tributaries, South Archie Creek (AC) was most heavily
industrialized (25%) with a phosphate-processing facility dominating its watershed.
Within the AC watershed, wetlands were common (25%) as were undeveloped upland
(11%) and open land (13%). Picnic Island Creek (PC) and Clark Creek (CL) were less
industrialized (12% and 5%, respectively) and both retained their natural channel
geomorphology and undeveloped lands (42% and 56%, respectively). Impervious
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surface immediately surrounding these creeks was low to moderate (6-17%) and LDI
values indicated moderate development (Table 1).
Mosquito-control ditches at both Weedon Island (WI) and Mobbly Bayou (MM)
were mangrove-dominated (89% and 78%, respectively), surrounded by >90%
undeveloped land and very little impervious surface (2-4%). Despite being man-made,
mosquito ditches in Tampa Bay are often located in wetland-dominated areas (Krebs
pers. observ.) and thus score low (< 2) on the LDI index.
Percent impervious surface within the 100-m buffer was similar among
undeveloped creeks and mosquito ditches (2-5%), greater for industrial creeks (6-17%),
and substantially higher for urban creeks (28-39%). This trend was consistent for
landscape development intensity, as well, reflecting the high degree of correlation
between buffer impervious surface and LDI (Spearman r = 0.96, P < 0.0001).
Conversely, the average amount of undeveloped land surrounding non-urban tributaries
was considerably greater (58-96%) than that observed for urban creeks (<20%; Figure 3).

Nekton community
A total of 50,975 individuals from 64 taxa were collected in 390 seine samples
along the shorelines of eleven tidal creeks and mosquito-control ditches (Table 3).
Overall, 93% of the community was represented by nine species. Five of these taxa
dominated tidal tributaries, representing 73% of all nekton collected, including sailfin
mollies (Poecilia latipinna), grass shrimp (Palaemonetes spp.), rainwater killifish
(Lucania parva), sheepshead minnows (Cyprinodon variegatus) and bay anchovies
(Anchoa mitchilli). Eastern mosquitofish (Gambusia holbrooki), silversides (Menidia
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spp.), gulf killifish (Fundulus grandis), and goldspotted killifish (Floridichthys carpio)
made up an additional 20%. Twenty-four taxa were represented by fewer than ten
individuals each. Eighteen economically important taxa were collected, with striped
mullet (Mugil cephalus), sheepshead (Archosargus probatocephalus), blue crab
(Callinectes sapidus), common snook (Centropomus undecimalis), striped mojarra
(Eugerres plumieri) and pink shrimp (Farfantepenaeus duorarum) representing 86% of
these species.
Mean nekton density varied widely among tributaries, ranging from 392 ± 33.1 to
2,577 ± 505.7 nekton 100 m-2 (Table 3; Figure 4), and was independent of the
surrounding land use, (Figure 4). Mean density differed among tidal tributaries
(GLIMMIX, P < 0.0001), but not among land-use classes (P = 0.99) or between urban
and non-urban tributaries (P = 0.17). The highest densities were observed at FC
(undeveloped), PC (industrial) and PM (urban) where nekton were 3-6 times more
abundant than at CC (undeveloped), CL (industrial) and WC (urban) where the lowest
densities were recorded. Therefore, we accepted our null hypothesis of no difference in
total nekton density as a function of land use.
Total species richness ranged from 13 to 34 taxa per tributary (Table 3), while
mean richness per sample ranged from 5 to 11 taxa (Figure 4). Mean richness differed
among tributaries (P < 0.0001) but not among land-use classes (P = 0.78) or between
urban and non-urban tributaries (P = 0.66). In general, the most speciose nekton
assemblages were observed in undeveloped (FC, MB) and industrial (PC, AC) creeks
(32-34 taxa), but this was not true for the other tributaries in these land-use classes (CC
and CL). Far fewer taxa were found at PM and MM (13-18 taxa; Table 3) than at the
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other tributaries. On average, twice as many species were collected per sample from
undeveloped and industrial creeks (9-11 species) compared to urban sites at PM and WC
(5 species), but as with overall species richness, there was not a consistent trend among
land-use classes. Mean richness per sample was also among the lowest in the industrial
creeks at CL and AC (6 species) despite high total richness at these sites (27-34 taxa).
Accordingly, we accepted our null hypothesis that nekton species richness did not vary
consistently with land use.
Density and richness of economically important taxa differed among tributaries (P
< 0.0001) and was highest at FC, PC, MB and AC, in agreement with patterns displayed
for total nekton (Table 3). However, we observed no difference in density (P = 0.07) or
richness (P = 0.16) among land-use classes, or between urban and non-urban tributaries
(density: P = 0.43, richness: P = 0.53). For both of these metrics, we accepted the null
hypothesis of no land-use related differences. Although we failed to reject this
hypothesis, economically important taxa were 2-4 times more abundant in most
undeveloped and industrial creeks (23.9-32.8 nekton 100 m-2; except CC and CL) and
were represented by nearly twice as many taxa (9-11 taxa, 0.7-1.4 taxa sample-1)
compared to urban creeks and mosquito ditches (6.1-13.9 nekton 100 m-2, 3-5 taxa, 0.20.7 taxa sample-1; Table 3).
Community structure was significantly different among tidal tributaries
(ANOSIM Global R = 0.46, P < 0.001; Figures 5 and 6) and among land-use classes
(ANOSIM Global R = 0.15, P < 0.001). The greatest dissimilarity in nekton-community
structure was observed between urban and non-urban tributaries (ANOSIM pairwise R =
0.28-0.32, P < 0.001; Figure 6), while non-urban tributaries, which shared a more similar
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community (62-79% similarity) did not differ (P > 0.41). Among non-urban tributaries,
the most similar communities were observed at FC, MB and PC (75-80%) and the
mosquito ditches at WI and MM (77%; Figure 5). Interestingly, the nekton community at
CL was more similar to that observed in the mosquito ditches at WI and MB than it was
to any of the other tidal creeks. The greatest dissimilarity in community structure was
among urban creeks, which were only 45-54% similar. In comparison, urban and nonurban tributaries were only 57% similar. The primary reason for the high dissimilarity
between urban and non-urban tributaries was dominance in urban tributaries by two
species of Poeciliidae (i.e., P. latipinna, G. holbrooki), low densities of F. grandis,
Menidia spp. and A. xenica and extremely low densities, or complete absence of, grass
shrimp - an otherwise dominant member of tidal tributaries. Fewer than 50 grass shrimp
were collected in any one urban tributary during the course of the two-year study,
compared to hundreds or thousands in many of the non-urban tributaries (Table 3).
Urban tributaries also had noticeably fewer F. duorarum, L. rhomboides, A.
probatocephalus and small Eucinostomus spp. than many of the other tributaries and
contained more exotic fish taxa. In particular, WC had the highest mean density of exotic
taxa (primarily cichlid fishes) and contained eight of the ten exotic taxa collected during
this study (Table 3). Because of the statistically significant difference in nekton
community structure between urban and non-urban tributaries, we rejected the null
hypothesis of no difference and concluded that the dissimilarity in community structure
coupled with relatively low total richness and high densities of stress-tolerant nekton in
urban tributaries were indicative of reduced nekton-habitat quality.
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Neither mean nekton density (r2 = -0.10, P = 0.84) nor mean species richness (r2 =
-0.05, P = 0.48) were significantly related to LDI for the eleven tidal tributaries (Figure
7). This was also the case for economically important taxa (density: r2 = -0.10, P = 0.82;
richness: r2 = -0.04, P = 0.47). Species-specific mean densities did not reflect increasing
land development intensity for C. variegatus (r2 = -0.02, P = 0.39), F. grandis (r2 = -0.09,
P = 0.71), L. parva (r2 = 0.0003, P = 0.34), Menidia spp. (r2 = 0.02, P = 0.29) or P.
latipinna (r2 = -0.05, P = 0.51). Although the relationships between mean density and
LDI were not statistically significant for G. holbrooki (r2 = 0.19, P = 0.12) or
Palaemonetes spp. (r2 = 0.15, P = 0.13), these two species displayed better trends aligned
with land development intensity than the other common nekton. Specifically, increasing
LDI values were reflected as higher mean densities of G. holbrooki and lower mean
densities of Palaemonetes spp. Percent community similarity to the average reference
community decreased as the intensity of land development (LDI index) increased, but
this trend was not statistically significant (r2 = 0.19, P = 0.10; Figure 7).

Body condition of common nekton taxa
Body condition (i.e., least-square mean body mass at reproductive maturity)
differed among land-use classes for six of nine nekton taxa (excluding F. similis, P =
0.26; G. holbrooki, P = 0.64; A. xenica, P = 0.16). Significantly lower condition was
observed for P. latipinna (P = 0.0007) and L. parva (P < 0.0001) in urban tributaries
compared to the other land-use classes. The same was true for C. variegatus (P <
0.0001), although relatively poor condition was observed in mosquito ditches as well.
Body condition was significantly different among land-use classes for F. grandis (P <
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0.0001) and Menidia spp. (P =0.012), but in contrast to other common nekton, these
species were both in better condition in mosquito ditches and urban tributaries compared
to undeveloped and industrial tributaries. Palaemonetes spp. differed in condition among
land-use classes (P = 0.0045) with best condition reported in undeveloped tributaries, but
this taxon was rarely or never collected from urban tributaries.
Significant differences in condition between urban and non-urban tributaries were
observed for five of these six taxa (excluding Palaemonetes spp., which was not tested
because of low sample size in urban tributaries). Among those in significantly lower
condition in urban tributaries were: P. latipinna (P < 0.0002), C. variegatus (P < 0.0001)
and L. parva (P < 0.0001). The converse was true for F. grandis (P < 0.0001) and
Menidia spp. (P = 0.024), which were in significantly better condition in urban
tributaries.
Comparing body condition among tidal tributaries revealed site-specific variation
in body condition that was not consistently explained by land use. Body condition
differed among tributaries for seven of the nine taxa examined, excluding G. holbrooki (P
= 0.08) and A. xenica (P = 0.47), for which we observed only an 8% difference in
condition among tributaries. For the other taxa, including P. latipinna (P < 0.0001), C.
variegatus (P < 0.0001), F. grandis (P < 0.0001), L. parva (P = 0.0022), F. similis (P =
0.0013), Menidia spp. (P = 0.019) and Palaemonetes spp. (P = 0.0002), individuals in the
best condition were 6-22% larger in terms of least-square mean body mass than those in
significantly poorer condition. In many cases, the greatest differences were observed for
individuals from undeveloped creeks (MB, FC, CC) or mosquito ditches at WI vs. urban
creeks at PM and TC. For example, P. latipinna and C. variegatus, were in the poorest
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condition in PM and TC and were as much as 7-16% smaller by mass than conspecifics at
MB (P < 0.001). Poecilia latipinna were also in significantly better condition (9-14%
larger; P < 0.0001) in CC and PC compared to PM and TC. Both F. grandis and L. parva
were in poor condition at TC and were up to 12-14% smaller there than at WI. Among
urban creeks, condition of P. latipinna and F. grandis from WC was considerably better
(8-14% larger; P < 0.05) than for those species at PM and TC. Interestingly, C.
variegatus and Palaemonetes spp. were both in better condition in the tidal creek at MB
compared to the nearby mosquito ditches at MM (13% larger, P < 0.0001 and 15% larger,
P = 0.008, respectively).
Body condition was not significantly related to LDI for eight of the nine taxa
examined: A. xenica (r2 = -0.17, P = 0.56), C. variegatus (r2 = -0.07, P = 0.54), F. grandis
(r2 = -0.12, P = 0.91), F. similis (r2 = -0.22, P = 0.78), G. holbrooki (r2 = -0.12, P = 0.74),
Menidia spp. (r2 = -0.14, P = 0.73), Palaemonetes spp. (r2 = -0.002, P = 0.36) and P.
latipinna (r2 = 0.09, P = 0.18). For L. parva, however, condition decreased significantly
with increasing intensity of land development (r2 = 0.41, P = 0.028). Despite observed
differences in body condition among tributaries for many of the taxa examined, our
hypothesis that body condition would reflect poor habitat quality in developed tributaries
was accepted for only one species, L. parva.

Reproductive traits for Poecilia latipinna and Palaemonetes spp.
For P. latipinna, (31.0 to 69.6-mm SL) mean fecundity ranged from 24 to 42
offspring and differed among tributaries (ANCOVA, P = 0.032), among land-use classes
(P = 0.023) and was significantly higher in non-urban tributaries compared to urban
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tributaries (P = 0.0054). Fecundity was similar for most tributaries (30 to 35), but was
higher at AC and CC (41 to 42, P < 0.001) than at all other tributaries except TC (35).
Lowest fecundity was recorded at MB, MM and PM where significantly fewer offspring
were produced (24 to 26, P < 0.05) compared to all other tributaries except WC (30).
Significantly higher fecundity at AC and CC likely resulted in the observed statistical
difference between undeveloped and industrial tributaries compared to urban creeks and
mosquito ditches. Although, five of the six undeveloped and industrial tributaries were
ranked higher than all but two of the tributaries examined. Low fecundity was observed
for urban tributaries, PM and WC, which resulted in the statistically significant difference
between urban and non-urban tributaries, despite relatively high fecundity for P.
latipinna from the urban tributary TC.
Mean offspring size for P. latipinna ranged from 16.9 to 28.9-mg and was
significantly different among tributaries (ANCOVA, P < 0.0001) and land-use classes (P
< 0.0001) and was significantly larger in urban vs. non-urban tributaries (P < 0.0001).
Although the size of offspring was not significantly different for most (i.e., seven of
eleven) tributaries (20.2 ± 1.2 to 23.0 ± 1.5 mg, P > 0.05), offspring from PM were
significantly larger (28.9 ± 1.9 mg, P < 0.0001) than those from other locations and five
of the seven tributaries ranked highest in terms of offspring size were either urban or
mosquito ditches. The smallest offspring were from AC (16.9 ± 1.9 mg) and CC (18.4 ±
1.9 mg), which were significantly smaller than those from PM, CL, MB and the mosquito
ditches at MM and WI (21.7 ± 1.3 to 28.9 ± 1.9 mg, P < 0.05).
Mean reproductive allotment for P. latipinna ranged from 14.9 to 21.5% of
maternal biomass, was significantly different among tributaries (ANCOVA, P < 0.0001)
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and was higher in urban vs. non-urban tributaries (P = 0.017), but did not differ among
land-use classes (P = 0.29). The highest allotment was observed at PM, CC and WI (19.6
± 1.5% to 21.5 ± 1.7%) where significantly more biomass was allocated to reproduction
(P < 0.05) than at WC, MB and MM (14.9 ± 1.1% to 16.4 ± 1.2%) where allocation was
lowest. Despite significantly greater allotment in urban tributaries compared to nonurban tributaries, consistently high allotment was only observed at PM, in contrast to
relatively low allotment at the other urban tributaries (TC and WC).
The number of eggs produced by Palaemonetes spp. (5.0 – 10.1-mm POHL) did
not differ among land-use classes (P = 0.153), but did among tributaries (P = 0.0007).
Palaemonetes spp. had the highest fecundity at WI (830 eggs) and AC (795) and the
lowest at FC (711) and PC (708), but only shrimp from PC were significantly less fecund
than shrimp from AC (P = 0.0050) and WI (P = 0.0027). Within the same watershed,
fecundity was similar (P = 0.997) between the tidal creek (MB, 779) and the mosquito
ditches (MM, 776). We could not include Palaemonetes spp. from urban tributaries in
our analysis because of their extremely low densities in these systems. However, of the
few grass shrimp collected from urban creeks in 2008 (n = 46 shrimp), only three
ovigerous females were observed.
Reproductive traits were not closely associated with the intensity of land
development (LDI) for offspring number (r2 = -0.10, P = 0.84), offspring size (r2 = -0.11,
P = 0.95) or reproductive allotment (r2 = -0.10, P = 0.83) for P. latipinna or for fecundity
for Palaemonetes spp. (r2 = -0.042, P = 0.42). Although interannual variation was not
initially considered, significantly greater fecundity was observed for Palaemonetes spp.
at AC where shrimp produced twice as many offspring in the first year relative to the
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second year (P < 0.0001). In contrast, interannual variation in fecundity was much less
pronounced and not significantly different between years (P > 0.05) in the five other
tributaries where the number of eggs produced between years differed by only 2-26%.
When fecundity was related to LDI excluding the outlying measurements from AC year
one, there was a strong relationship between the number of offspring produced by
Palaemonetes spp. and the intensity of land development surrounding the tributary (r2 =
0.93, P = 0.0017). In summary, although the nature of the relationships was not
consistent for all metrics, we did observe statistically significant variation in reproductive
metrics as a function of land use for both Palaemonetes spp. and in most cases, for P.
latipinna. Therefore, we reject the null hypothesis of no difference in reproductive
attributes as a function of land development.

Canonical correspondence analysis
Six of nineteen environmental variables were removed prior to CCA analysis and
two additional variables, mean dissolved oxygen and percent oyster along the shoreline,
were removed from the initial CCA model because of high VIFs indicating
multicollinearity (Table 2). Six of those eight variables were highly correlated with the
extent of impervious surface in the 100-m buffer. Specifically, tributaries with high
imperviousness in the 100-m buffer were typically located in watersheds that had greater
percentages of urban lands (r = 0.94) and watershed imperviousness (r = 0.83), greater
land development intensity (r = 0.91), more altered shoreline (r = 0.86), less undeveloped
lands in the buffer (r = -0.84) and lower mean salinity (r = -0.79) than tidal tributaries
with less buffer imperviousness. We considered buffer imperviousness to be a proxy for
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this suite of environmental conditions. In contrast, tributaries characterized by red
mangroves as the dominant shoreline feature were located in watersheds with a high
percentage of undeveloped lands (r = 0.42) and low land development intensity (r = 0.65). These tributaries usually had more oysters along the shoreline (r= 0.62), higher
average salinities (r = 0.80) and dissolved oxygen concentrations (r = 0.66) and fewer
hypoxic events (r = -0.41) than tributaries with high buffer imperviousness.
Ordination of nekton metrics with the remaining eleven variables explained 54%
of the total variation in the weighted averages of nekton metrics among tidal tributaries.
The majority of the total variation (48%) was accounted for by the first four axes (Table
4). All of the statistically significant environmental variables, however, had the highest
biplot scores (>0.40) on the first axis with the exception of instantaneous salinity, which,
while scoring high on the first axis, scored highest on the fourth axis. Environmental
variables describing in-stream fish habitat were better predictors of variation in nekton
metrics as five of six fish-habitat variables were statistically significant (P = 0.005) or
marginally so (P = 0.06), in contrast to only two of five watershed variables. Frequency
of hypoxia, instantaneous salinity, percentage of red and white mangrove and percent
buffer imperviousness best explained the observed variation in nekton metrics among
tidal tributaries. Percent industrial development in the buffer (P = 0.06) and salinity
variability (P = 0.06) contributed less significantly. Four variables, water temperature (P
= 0.32), tributary length (P = 0.22), basin size (P = 0.16) and agricultural development in
the buffer (P = 0.09) were not statistically significant at ! = 0.05, explained little
variation in the nekton metrics and are not considered further. Metric scores were highest
on the first two CC axes (CC1 and CC2) for all nekton metrics (Table 5) with the
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exception of F. grandis abundance, indicating that metrics were most responsive to
variation in the environmental variables that defined those axes and less responsive to
CC3 and CC4.
The first axis (CC1) represented a clear gradient along which environmental
variables and nekton metrics were well correlated (r = 0.94, Table 4, Figure 8). CC1
separated urban tributaries (PM, WC, and TC) from non-urban tributaries based on
greater buffer imperviousness, higher frequency of hypoxia, lower instantaneous
salinities (<20 ppt in 83% of samples) and considerably fewer mangroves along the
shoreline (Figure 8a). Mangrove shorelines in urban tributaries had largely been replaced
by seawalls and terrestrial grasses. For nekton, high densities of G. holbrooki and P.
latipinna and low densities of Palaemonetes grass shrimp, Menidia silversides, F.
grandis and economically important taxa (Economic) were associated with urban
tributaries along CC1 (Figure 8b; Table 5). In addition, P. latipinna in urban tributaries
had greater amounts of stored energy (TAG_Plat) than P. latipinna from non-urban
tributaries. At the opposite end of this gradient were the non-urban tributaries, which had
more mangroves, less impervious surface, lower frequency of hypoxia and higher
salinities.
Non-urban tributaries were further separated along the second axis (CC2) based
on the type of mangrove shoreline (Table 4, Figure 8). CC, AC, TC, CL and WC had a
greater percentage of white mangroves or less red mangrove habitat than most of the
other tributaries, which were largely dominated by red mangroves. Many of the whitemangrove tributaries had a greater than average proportion of exotic taxa in samples
(Exotic) and higher than average densities of Menidia silversides, lower densities of
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several common nekton including L. parva, C. variegatus and P. latipinna and high
fecundity for P. latipinna (Noff_Plat; Table 5). At the opposite end of the gradient was a
group of tributaries including FC, PC, MB and to some extent the mosquito ditches at WI
and MM, all of which had shorelines dominated by red mangrove with relatively less
white mangrove than other non-urban tributaries. High densities of many common
nekton taxa were found in these tributaries relative to tributaries characterized by white
mangrove shorelines (Table 3).
None of the environmental factors that defined CC3 had biplot scores >0.30 and
there was no clear association between nekton metrics and environmental factors along
this axis. The fourth axis (CC4) however, separated tributaries by salinity regime, with
the lowest salinities and low variability observed for urban tributaries PM and WC. In
contrast, the highest, least variable salinities were observed for PC, CL, MB and the
mosquito ditches at MM and WI. Located more centrally along this axis were CC, FC,
AC and TC, which had a salinity regime characterized by moderate, but highly variable
salinities. Few nekton metrics were strongly associated with this axis, however the
density of Menidia spp. was highest, and nearly an order of magnitude greater, in
tributaries characterized by moderate, but highly variable salinities than it was in more
stable salinity regimes where salinity was <10 ppt or >20 ppt (Tables 3 and 5).
Several nekton metrics were not well associated with any of the environmental
gradients (i.e., central position of these metrics on the ordination) (Table 5; Figure 8b).
Total nekton density, in particular, was located at the plot origin indicating that it was not
strongly related to any of the axes, in contrast to species-specific densities, which were
more sensitive to variation in environmental conditions and better indicators of such
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variation (Table 5; Figure 8b). Species richness, community similarity and body
condition of common nekton were also less related to land use and habitat variables,
based on their low scores, than were most of the other metrics.

Discussion
Our analysis of nekton-based metrics revealed that the consequences of coastal
development for the quality of tidal tributaries as fish habitat were largely correlated with
the extent of urban lands immediately surrounding each tidal tributary system.
Tributaries were classified through multivariate analysis most prominently, along a
gradient of urbanization reflecting the intensity of coastal development in the adjacent
watershed (i.e., impervious surface, LDI index) and its link to fish habitat within the
tributary (i.e., through differences in salinity and dissolved oxygen). Tributaries were
further differentiated on a more localized scale as a function of shoreline habitat within
the tributary and salinity regime, which was likely related to freshwater inputs, distance
from the estuary and tidal connectivity. Collectively, factors characteristic of urbanized
lands, specifically high impervious surface, altered shorelines, low mean salinities and
frequent hypoxia relative to less urban watersheds, best explained the observed variation
in nekton metrics among tidal tributaries.
Contrasts among tidal tributaries with divergent watershed and in-stream habitat
characteristics were reflected most prominently by nekton as: 1) differences in
community structure resulting from variation in species-level densities and density of
exotic and economic taxa among tributaries, 2) better energetic condition of P. latipinna
in urban tributaries relative to conspecifics from non-urban systems and, to some extent,
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3) fecundity of P. latipinna and reproductive potential (i.e., density and fecundity) of
Palaemonetes spp.. In general, urban creeks supported a less diverse nekton community
comprised of fewer taxa, with six of nine common species in relatively poor condition,
low abundance or absence of palaemonid grass shrimp and lower densities of
economically important taxa than observed in non-urban tributaries. Interestingly, P.
latipinna, a numerically dominant species and ecologically important link between
primary production and upper trophic levels (Stevens et al. 2006a) had higher energy
reserves in urban tributaries compared to non-urban tributaries. These findings suggest
that nekton metrics derived from aspects of community structure, body condition and
reproduction may be effective indicators of habitat quality in tidal tributaries.

Urban effects on fishes and fish habitat in tributaries
Our hypothesis that nekton metrics would indicate relatively poor habitat quality
for developed watersheds was not supported for total nekton density or species richness.
In fact, we observed these two metrics to be largely independent of the intensity of
landscape development immediately surrounding the tributaries. Similar findings have
been reported for saltmarsh tidal tributaries (Holland et al. 2004, Sanger et al. 2011);
however, this is in contrast with results for freshwater stream fishes, which have shown a
reduction in total abundance and species richness (Wang et al. 2001) and a loss of
diversity (Klein 1979, Wang et al. 2001) in urban tributaries. We also found little support
for this hypothesis with community structure, which was similar for many developed and
undeveloped tributaries, but which clearly differentiated urban and non-urban tributaries.
In contrast to non-urban tributaries where nekton abundance was more equitably
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distributed among species, the nekton community in urban creeks was dominated by a
few, very abundant poeciliid taxa, depauperate in several typically ubiquitous and highly
abundant taxa and had low densities of economic taxa including sheepshead, striped
mullet, pink shrimp and blue crabs. Previous studies from both freshwater and tidal
tributaries concur that shifts in community structure in response to urbanization are
largely a species-level process (Holland et al. 2004, Alexandre et al. 2010). This process
may result from species-specific reductions in abundance (Holland et al. 2004, Sanger et
al. 2011), declining probability of species occurrence (Wenger et al. 2008), decreasing
richness of endemic taxa with concurrent increasing abundance of generalist taxa (Roy et
al. 2005) and a loss of habitat specialists (Meador et al. 2005). These results collectively
demonstrate that the nekton response to differences in habitat quality is species-specific
and underscores the need to consider species identity when assessing habitat quality. We
suggest that community structure, measured as species composition and species-specific
densities, may be a useful metric for identifying differences in habitat quality among tidal
tributaries, while total density and richness as independent metrics appear to be less
useful.
Convincing evidence for urbanization as a causal factor underlying poor habitat
quality in freshwater tributaries has been provided by studies of rapidly urbanizing
watersheds in which fish-community structure was shown to be intermediate to that of
undeveloped and urbanized watersheds (Helms et al. 2005, Schweizer and Matlack
2005). When urbanizing watersheds have been contrasted with undeveloped watersheds
on a decadal scale, declines in mean species richness (Wang et al. 2000) and a more
pronounced transition in community structure from historic to contemporary time periods
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have been reported for urbanizing systems (Argent and Carline 2004). Studies also point
to an ecological response by the freshwater-fish community that is characterized by a
shift in the identity of common taxa and a transition from ecological specialists to
communities comprised of generalist taxa. We observed a difference in community
structure between undeveloped and urban tributaries in which the nekton community
from undeveloped tributaries was characterized by a relatively even distribution of
individuals among several species of killifish, livebearers, silverside minnows and grass
shrimp, in contrast to urban tributaries, which were largely dominated by just two species
of livebearers. As we have shown here, many of the potentially explanatory factors
underlying variation in fish communities between urban and non-urban settings are
interrelated and correlative (e.g., area of urban land uses, impervious area, extent of
shoreline modification) and therefore difficult to pinpoint as causative. However, it is
clear from our results, as well as the results of the previous studies above, that urban
development can be linked to degraded habitat quality in freshwater and tidal tributaries.

Impervious surface
Although the factors responsible for differences in fish communities are likely not
limited to a single aspect of urbanization, numerous studies (e.g., Wang et al. 2001,
Holland et al. 2004) have identified impervious surface as well correlated with variation
in the fish community. Results of our multivariate analysis identified percent impervious
surface within the 100-m shoreline buffer as the most predictive variable in defining the
gradient along which our study sites were located. This is not surprising since
impervious surface has often been cited as a significant predictor of urbanization-related
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impacts to aquatic habitats through its physical connection between watershed processes
and in-stream pollutants and has often been correlated with physicochemical and
biological variation in aquatic communities (Paul and Meyer 2001, Wang et al. 2001,
Holland et al. 2004, Roy et al. 2005, Wenger et al. 2008). In our study, the gradient of
urbanization closely reflected one of increasing buffer imperviousness. Associated with
high impervious surface in our study were the urban tributaries which had lower densities
of palaemonid grass shrimp, Menidia silversides and gulf killifish and higher densities of
poeciliid fishes, including sailfin mollies, which were observed to be in better condition
in terms of lipid energy reserves than mollies from non-urban tributaries. As with
previous studies on the effects of urbanization in freshwater streams, our results suggest a
direct link between impervious surface and fish habitat in tidal tributaries as reflected by
the observed differences in fish community structure, species-level densities (including
economically important taxa), energetic condition of P. latipinna and reproductive
potential of palaemonid grass shrimp between urban and non-urban tidal tributaries.
Therefore, efforts to improve habitat quality in tidal tributaries should benefit from
actions to reduce and/or buffer the connection between impervious surface and tidal
tributaries.

Connecting imperviousness and water quality
The extent of watershed imperviousness has been directly tied to reduced
infiltration of rainfall into the aquifer and increased runoff to urban streams and often
results in a dramatically fluctuating stream hydrograph characterized by flashier inflows
and quickly reduced salinities following rainfall events (Arnold and Gibbons 1996, Paul
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and Meyer 2001). Differences in imperviousness, freshwater inputs and tidal
connectivity likely contributed to the observed differences in salinity regime and
dissolved oxygen content among tidal tributaries in our study. In contrast to freshwater
tributaries, however, tidal exchange between our study systems and the adjacent estuary,
as well as freshwater contributions from the tidal freshwater reach in some systems
increased the complexity of the relationship between impervious surface and water
quality. Non-urban tributaries in our study had relatively little impervious surface in the
watershed, and in these cases, differences in salinity regimes among tributaries were
more likely explained by the presence or absence of a tidal freshwater reach. Non-urban
tributaries located almost entirely within the intertidal zone lacked tidal freshwaters and
had the highest and least variable salinities (MB, PC, CL, MM, WI), while those
possessing tidal freshwaters had more moderate, but highly variable salinities (CC, FC,
AC; Table 2). In contrast, urban tributaries had the most impervious surface, which
corresponded to the lowest and least variable salinities in two of the three urban creeks
(PM, WC). The difference in salinity regime among urban creeks may be explained, in
part, by restricted tidal exchange in PM and WC caused by deposition of sediment and
debris near the mouth of the creek (Krebs pers. observ.) which likely maintained low
salinities, while deeper water and more open tidal exchange at TC probably accounted for
moderate and more variable salinities there. Urban runoff has also been identified as a
mechanism for delivery of organic matter to tributaries during heavy rain events and has
been shown to increase biochemical oxygen demand and reduce dissolved oxygen
concentrations in tidal creeks (MacPherson et al. 2007, Mallin et al. 2009). These factors
may help explain lower densities of palaemonid and penaeid shrimp reported in
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urbanized vs. undeveloped tidal tributaries in South Carolina (Lerberg et al. 2000;
Holland et al. 2004) and Tampa Bay (present study). While most of the Tampa Bay
tributaries studied had mean dissolved oxygen concentrations between 4.0 and 5.0 mg L1

, urban creeks had the lowest mean dissolved oxygen and highest frequency of hypoxia

(Table 2). The exception was WC, which had the highest mean dissolved oxygen in our
study. We conclude that differences in land use attributable to the extent of impervious
surface within the 100-m buffer partially explain the observed variation in water-quality
conditions among tidal tributaries. However, the tidal nature of these systems coupled
with the influence of tidal freshwaters in some cases likely explain additional variation in
habitat quality (i.e., water quality) among systems.

Threshold of imperviousness
The link between imperviousness and degradation of aquatic communities occurs
at a relatively common threshold beyond which biological communities begin to show
adverse effects (e.g., Klein 1979, Wang et al. 2000, Holland et al. 2004). In our study
systems, percent imperviousness ranged from 6-41% of the watershed and was <20% for
each of the non-urban sites except Mobbly Bayou which was only slightly greater than
20% (Table 2). The three urban watersheds were considerably more impervious and
ranged from 30-41% suggesting a threshold between 20 and 30%. A lower threshold of
10-20% was reported in association with a decline in fish diversity in Maryland
freshwater streams by one of the first studies to address the biological response of stream
fishes to impervious surface (Klein 1979). Later studies reported a lower threshold at 510% concurrent with a drop in species richness (Wang et al. 2000), lower probability of
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occurrence for some species (Wenger et al. 2008) and a loss of intolerant species beyond
10% (Wang et al. 2000). These values agree with estimates for lowland freshwater
streams in Washington (8-10% - Booth and Jackson 1997), midland streams in Wisconsin
(8-12% - Wang et al. 2001) and mid-Atlantic coastal plain streams in Maryland (10-12%
- Schueler 1994), but are lower than we observed here. However, our results are better
aligned with those of Holland et al. (2004) who observed declining densities of penaeid
shrimp and spot (Leiostomus xanthurus) in South Carolina tidal creeks as imperviousness
approached 20%. It is possible that hydrologic differences between freshwater and tidal
tributaries could account for the apparently higher threshold in tidal systems.

Alteration of shoreline habitat
Whereas the extent of impervious surface is often invoked as a large-scale cause
of degradation in stream-fish communities, such changes have also been attributed to the
more localized losses of natural fish habitat along altered shorelines (Sanger et al. 2004),
often following the removal of shoreline vegetation (Mwandya et al. 2009) or the
construction of seawalls, docks and rip-rap (Sanger et al. 2004, Bilkovic and Roggero
2008). We observed this to be the case for urban tributaries, in which seawalls or
artificially steep banks created by dredging were the characteristic shoreline features, in
contrast to gently sloping, mangrove-vegetated intertidal habitat observed in non-urban
tributaries. Among non-urban tributaries in our study, shoreline habitat was either
dominated by red mangrove, white mangrove or was co-dominated by both species. In
tidal tributaries with white mangroves as a dominant or co-dominant shoreline feature
(CC, TC, AC, CL), we observed lower densities of many, otherwise common nekton
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species, including P. latipinna. We also observed higher fecundity for this species at
these sites. Low densities and high fecundity have been associated with higher predation
in these (Krebs and Bell 2012) and other systems (Werner and Peacor 2003), suggesting
that the relative refuge value of white mangroves may be inferior to that of red-mangrove
shorelines. In contrast, numerous species of nekton utilize red mangrove shorelines (Ellis
and Bell 2008), the value of which may stem from the structural complexity of the prop
roots (Thayer et al. 1987), a morphological feature unique to red mangroves. White
mangroves, which lack prop roots, may provide less complex habitat and less refuge from
predation. Tidal tributaries with a greater extent of altered shoreline and those with more
white-mangrove habitat also had limited or reduced access to the inundated intertidal
zone (Krebs, pers. observ.), either because of a narrower intertidal mangrove fringe as at
AC, steeper banks as at CL or completely eliminated shallow intertidal as along the
seawall at TC. Alteration of shoreline habitat has been demonstrated to have a negative
impact on nekton communities in tidal creeks due to the loss of structural complexity
provided by natural vegetation or low abundance of macrobenthic invertebrates that serve
as food for nekton (Peterson et al. 2000, Bilkovic and Roggero 2008, Greenwood et al.
2008b, Partyka and Peterson 2008, Mwandya et al. 2009). Shoreline alteration in these
studies has been associated with statistically significant reductions in nekton abundance,
richness and community structure in many of these cases. A similar relationship appears
to be true at our study sites and may explain the near absence of grass shrimp in our
urban tributaries. Porter et al. (1997) reported significantly and consistently higher
densities of grass shrimp, Palaemonetes spp., along undeveloped Spartina shorelines in
both undeveloped and urbanized tidal creeks compared to altered shorelines within the
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urban creek. Our results along with previous studies suggest that differences in the type
of nekton habitat along the tributary shorelines, at least partially determine the habitat
quality of these systems.

Explaining variation in nekton metrics among non-urban tidal tributaries
We observed considerable variation in nekton metrics among non-urban
tributaries as illustrated by the range of metric scores (Figure 8b; CCA2). Much of this
variation appeared to be related to the reference site at Cockroach Creek, which despite
very little physical modification to the tidal creek and the surrounding mangrove
wetlands, was located in a drainage basin characterized by greater agricultural land uses
than the other study sites (Table 2). Observations of hypoxia (Table 2; Greenwood et al.
2008b), low densities of total nekton (Figure 4), few decapod crustaceans (Table 3), low
species richness (Figure 4) and the occurrence of a fish kill there in 2007 (M.F.D.
Greenwood, pers. comm.) suggest that contaminants from the watershed may have
affected habitat quality in this tidal creek. Industrial tributaries, on the other hand, were
generally more similar to reference creeks in terms of nekton-community structure than
to urban creeks (Figure 5). Specifically, PC had similar community structure to the
reference creeks at FC and MB (Figure 5) and one of the three highest total nekton
densities and mean species richness observed during the study (Figure 4). Additionally,
reproductive traits for sailfin mollies and body condition for many common taxa were not
statistically different among PC, FC and MB. The similarity between PC and the
undeveloped reference creeks was the high percentage of natural land cover in the 100-m
buffer and the natural geomorphology and shoreline vegetation that characterized PC.
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Another industrial creek, CL, was also less similar to urban creeks in terms of community
structure and was, in fact, most similar to mosquito-control ditches. In this case, the
geomorphological features of CL were very similar to that of the mosquito ditches (i.e.,
narrow channel, steep banks) in addition to being partially connected to several adjacent
mosquito ditches itself (Krebs, pers. observ.), both of which may explain the similarity.
Allen et al. (2007) demonstrated the importance of channel geomorphology in
determining patterns of nekton use in saltmarsh tidal creeks citing water depth, bank
steepness and flow velocity as most correlated with inter-creek variation in species-level
nekton densities. Krebs et al. (2007) reported a similar relationship between nektoncommunity structure ad three types of natural and man-made tidal tributaries, which
differed in channel geomorphology (i.e., tidal creeks, mosquito-control ditches and
stormwater-drainage ditches). Both studies illustrate the importance of localized habitat
features rather than landscape-scale features in determining the environmental
characteristics and thus, the habitat quality of some tidal tributaries. While variation
among tidal tributaries in our study can be largely explained by impervious surface
beyond the shorelines of the tributary, variation in nekton metrics among non-urban
tributaries was more of a function of factors operating within and along the tributary
shoreline.

Density is a misleading metric of habitat quality
In many cases, urbanization has been shown to reduce species richness, while
increasing species density as intolerant taxa are removed from the community and
tolerant taxa become more abundant (e.g., Holland et al. 2004). This trend exemplifies
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how misleading total nekton density can be as an indicator of habitat quality. Our results
from the urban creek PM, where we observed some of the highest densities but the lowest
richness, support this previous finding. Furthermore, the utility of density as a metric of
habitat quality is questionable as the relationship between abundance and fitness-based
metrics is inconsistent at best. For example, densities of sailfin mollies and least killifish
(Heterandria formosa) in coastal wetlands of Louisiana were found to be highest where
body condition and reproductive output was also relatively high; however, mosquitofish
were generally in poor condition and invested less in reproduction where densities were
high (Martin et al. 2009), which were assumed to be more stressful. We do not dismiss
entirely the value of density as a measure of habitat quality although we recognize its
limitations and suggest that additional measures be used to complement density and to
allow a more accurate assessment of habitat quality. Metrics that emphasize biological
traits relevant to population persistence, such as reproduction and body condition, are
probably more meaningful than density in assessing differences in environmental quality
among habitats, particularly for tolerant species that persist in low-quality habitats but at
a greater energetic expense to physiological condition or reproductive output. For
example, several species of poeciliid fishes in brackish waters with variable salinity and
relatively high dissolved oxygen levels were observed to be in better condition and to
invest more in reproduction than individuals from freshwater habitats with lower
dissolved oxygen (Martin et al. 2009). Because abundance-based metrics often conflict
with more biologically meaningful metrics, we recommend caution when interpreting
abundances and suggest that metrics describing condition and reproduction are more
appropriate for assessing habitat quality.
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Body condition and reproduction as metrics of habitat quality in tidal tributaries
Despite the statistically significant differences in body condition and reproductive
attributes that we observed among tributaries and land-use classes, we found
inconsistency among metrics in terms of their relationship to measures of land use and instream habitat, particularly for body condition. With the exception of biochemical
condition (i.e., stored lipids) for P. latipinna, variation in condition was not well
explained by any of the habitat variables in the multivariate analysis (Table 5). For
metrics of reproduction, we observed a trend for higher fecundity in undeveloped and
industrial tributaries and for larger offspring in mosquito ditches and urban tributaries;
however, clearly defined relationships were not observed due to considerable overlap in
metric values among tributaries. This suggests that localized ecological factors within
tributaries and not measured in the present study, including the direct biotic effects of
predation risk or food availability, discussed below, may play a greater role in
determining aspects of condition and reproduction. It also suggests that species-specific
habitat requirements may explain contrasting patterns in body condition among
tributaries and land-use classes and may prevent generalization across taxa within the
nekton community.
We observed significantly lower condition in urban tributaries (i.e., PM and/or
TC) for four of the nine common nekton taxa compared to non-urban tributaries.
Greenwood et al. (2008b) also reported significantly lower condition for A. mitchilli (816% lower) and lower, but not statistically significant, condition for C. variegatus (3-7%)
and L. parva (2%) in the most urbanized tributaries, but found no difference for six other
nekton taxa, including P. latipinna, as a function of land development intensity
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surrounding Tampa Bay tributaries. Despite the relatively low variation observed among
tributaries in our study (i.e., 3-22%), the potential biological significance should not be
overlooked. Piazza and LaPeyre (2010) observed only a 9% difference in length-weight
condition for mosquitofish that had been starved for 10 days compared to mosquitofish
fed to satiation every six hours. Mediterranean barbel (Barbel meridionalis) from
freshwater streams with dense riparian vegetation and dissolved oxygen (DO)
concentrations >11 mg L-1 were 6-16% larger in mass than individuals from streams with
sparse vegetation and DO <6 mg L-1 (Vila-Gispert and Moreno-Amich 2001). Both of
these studies provide context by demonstrating the expected magnitude of differences in
condition when small-bodied fishes are exposed to factors such as low food or stressful
physicochemical conditions, which are attributed to poor habitat quality. Additional
experimental studies are necessary to discern the threshold at which differences in habitat
quality elicit biologically significant differences in body condition.
Further examination of the biochemical condition of sailfin mollies in our study
reveals that P. latipinna from urban creeks had the highest mean energy reserves despite
being in similar or lower body condition than individuals from non-urban tributaries,
which had less stored energy in comparison. Comparable results were reported by
Weinstein et al. (2009) who, despite having observed no difference in length-weight
condition, found significantly greater storage lipids for mummichog (Fundulus
heteroclitus) from Spartina marshes compared to fish from marshes dominated by the
invasive reed, Phragmites australis. Our findings suggest that urban creeks are better
quality habitat for P. latipinna and potentially provide better quality food or less stressful
conditions than non-urban tributaries, thus allowing individuals to acquire and/or store
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more energy. In the case of P. latipinna, we hypothesize that the lower salinities observed
in urban tributaries in our study produced higher quality (i.e., TAG-rich) benthic
microalgae, which was of higher nutritional value to P. latipinna than the available
microalgal food sources in non-urban tributaries where salinities were higher and where
benthic microalgae would have stored less TAG (de Castro Araujo and Garcia 2005, Hu
et al. 2008). The contrasting conclusions that could be drawn by considering
morphological condition vs. biochemical condition in both studies suggest that lengthweight condition is not a suitable metric for assessing habitat quality, particularly because
biochemical condition can be directly related to survival potential (i.e., stored energy),
while the factors contributing to greater mass (e.g., water, lipids) when assessing lengthweight condition are unknown. Because of this uncertainty, we recommend caution
when using metrics of body condition derived from length-weight relationships and
suggest that metrics reflecting biochemical condition are more biologically relevant to
assessing the quality of fish habitat.
In terms of reproduction, we observed a trend towards reduced reproductive
output for both P. latipinna (i.e., fewer offspring) and Palaemonetes spp. (i.e., very low
densities and fewer ovigerous females) in urban tributaries, and decreasing fecundity with
increasing land-development intensity for Palaemonetes spp. Our results are in
agreement with previous studies that have reported decreased size and age-at-maturity
(Fraker et al. 2002), reduced breeding activity and production of fewer eggs (Weber and
Bannerman 2004), lower spawning success (Limburg and Schmidt 1990) or increased
pre-spawn mortality (Bilby and Mollot 2008) for fishes from urban tributaries relative to
non-urban tributaries. However, considerable variation in reproductive metrics among
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tributaries in our study confounded any clear relationships resulting from differences in
land use. Specifically, although P. latipinna from urban tributaries produced fewer
offspring than conspecifics from non-urban tributaries, the size of their offspring was
significantly larger. This may be attributed to a reproductive tradeoff between offspring
size and number (Krebs and Bell 2012) and may not necessarily reflect land-use related
differences in habitat quality; however, it demonstrates that tributary-specific factors,
such as resource availability and predation risk, which are largely independent of land
use, may also contribute to the observed differences in reproductive metrics among
tributaries (Krebs and Bell 2012).
Among the studied metrics of condition and reproduction, the clearest link
between land use and nekton-habitat quality, we observed considerable differences in
lipid storage between urban and non-urban tributaries that are receiving further attention
(Krebs and Weinstein, in prep). These results, along with those of the studies cited here,
suggest a link between habitat quality and biologically relevant metrics based on energy
reserves and reproductive output in stream fishes and merit continued study.
The nekton metrics applied here varied in terms of the time, expense and technical
expertise required for their development. In general, metrics requiring minimal time and
expense (i.e., estimates of total nekton density and richness) also required the lowest
degree of technical expertise, but were the least sensitive to variation in land use and instream habitat variables. In contrast, the most expensive and time-consuming metric (i.e.,
biochemical condition) required the greatest level of technical proficiency, but was one of
the most sensitive to variation among tributaries. Metrics based on community structure,
length-weight condition and reproduction involved only slightly more time and expense
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to quantify than density and richness due to lab processing time and knowledge of species
identification, and required less technical expertise and training than that needed to
estimate biochemical condition. Metrics derived from length-weight condition and
reproduction were not completely independent of land use, as was the case with density
and richness, but were not as effective as community structure in discriminating between
urban and non-urban tributaries. Based on consideration of the effort required to collect
these nekton metrics and the sensitivity of each to variation in watershed and in-stream
habitat variables, we recommend nekton community structure as a cost-effective metric
for assessing habitat quality in tidal tributaries. Despite the effort and technical
knowledge required to determine biochemical condition for a single fish species, the
potential biological relevance of TAG energy content as an integrated measure of habitat
quality makes this metric invaluable. When feasible, habitat quality should be assessed at
the community-level, in terms of structure, and at the species level, in terms of relative
species densities and biochemical condition for carefully selected nekton taxa.

Conclusions
With urban development continuing to encroach upon coastal ecosystems
worldwide, it is imperative to understand the link between land use and the value of fish
habitat in sensitive transitional systems such as tidal tributaries. In the Tampa Bay
watershed, more than two-thirds of the small tidal tributaries have experienced moderate
to intense development. The spatial extent of urban areas and impervious surface has
tripled since 1990 (Xian et al. 2007). By the year 2020, impervious surface was predicted
to increase from 27% to 38% in this already heavily populated coastal watershed (Xian
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and Crane, 2005). A clearer understanding of the relationship between landscape
development and the ecology of tidal tributaries, in the context of natural variability
among systems, is necessary for better informed land management decisions and more
successful habitat conservation and restoration efforts. Using a suite of nekton-based
metrics to discern the relationship between coastal development and the quality of fish
habitat in mangrove tidal tributaries, we have demonstrated variation in nekton metrics
between urban and non-urban systems suggesting that urban development has the
potential to influence the habitat quality of these systems. Among these metrics,
community structure and biochemical condition of a dominant forage fish clearly
discriminated between urban and non-urban tributaries, while differences in reproductive
metrics among land-uses existed but were less clear. Total nekton density and species
richness were not sufficient measures of habitat quality for nekton. Their insufficiency
derives from a failure to capture species identity and community complexity and to
convey information on the well-being and reproductive potential of species within the
community; metrics directly related to nekton-population growth and sustainability. An
inherent drawback of abundance-based metrics for evaluating habitat quality is that they
provide a misleading assessment of low-quality habitats in which highly abundant, stresstolerant taxa persist and thrive. Identification of common, stress-sensitive taxa may
provide a useful tool for assessing the impacts of coastal development on the quality of
fish habitat in tidal tributaries. Furthermore, metrics that emphasize biological traits
relevant to population persistence should be more ecologically informative than
abundance in assessing differences in environmental quality among habitats. The use of
higher-tiered metrics of essential fish habitat (Shervette and Gelwick 2008, Weinstein et
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al. 2009) and nursery habitat (Beck et al. 2001) including individual growth rate,
biochemical condition, reproduction and ultimately, contribution of individuals from
specific tidal tributaries to reproductive adult populations, should continue to be pursued.
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Table 1. Summary of percent land use/land cover (2006) within the 100-m stream buffer for small tidal tributaries in the Tampa Bay
estuary. Tributaries are sorted by increasing Landscape Development Intensity (LDI). Tributary length is the distance along the main
channel and does not include lower order tributaries
Length
(km)
Tidal tributary
Little Redfish
Peanut Lake Creek
Grassy Creek
Weedon Island mosquito
Mobbly Bayou
Mobbly Bayou mosquito
Verger Creek
Cockroach Creek
Lee Creek
Broad Creek
Gibsonton Creek
Frog Creek
Kitchen Branch
Coon Hammock
Bullfrog Creek
Clark Creek
Wolf Branch
Newman Branch
Boat Bayou
Piney Point Creek
Palmetto Creek
Andrews Creek
Double Branch
North Archie
Dug Creek
McMullen Creek
Cross Bayou
Rocky Creek
Ironhead Creek

0.4
0.4
1.5
30.3
1.4
4.4
2.1
4.5
1.6
2.2
1.9
7.3
1.0
2.6
30.6
4.2
5.6
4.1
1.8
4.3
2.0
1.0
17.8
7.1
1.7
6.2
8.5
21.0
3.4

Basin
Impervious
size
buffer (%)
(km2)
7.1
7.1
37.9
3.7
7.4
7.4
5.2
3.3
5.2
19.7
2.1
12.6
10.0
19.7
75.7
12.0
5.9
5.6
2.1
12.8
14.5
13.8
69.7
34.6
4.7
7.6
18.1
45.1
5.2

2.1
1.1
1.2
2.2
4.6
4.2
8.7
2.4
3.8
4.1
6.2
5.3
8.1
3.2
3.5
5.9
5.3
15.6
4.8
6.6
8.6
10.6
11.1
8.3
12.4
8.6
17.0
10.3
11.5

Land use
Undeveloped

Urban

Industrial

Wetland Upland Open land Total Urban Suburban
100
100
100
89
93
78
45
57
32
58
54
56
21
41
38
57
34
20
41
54
20
49
30
23
22
28
37
35
22

2
4
16
39
9
43
29
27
23
58
37
30
3
19
11

18
12
11
9
4
6
21

6
19
4
3
1
2
16
4

38
2
8
27
1
23
10
7

100
100
100
91
97
94
90
66
94
87
85
82
80
78
69
57
53
39
56
54
20
87
50
43
60
38
64
51
50
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Agricultural

Other

LDI

Crop Livestock Rural Recreation

9
3
6
8
1
6
13
9
9
11
18
3
17
5
11
14
6
9
14
8
17
13
21
23
15

2
31

6
6
6

1
3

12
5
1
4
18

5
7
7

4
23

4
23

17
31
21
29

2

15
3
6

12
16
27
27
9
15
63
2
20
5
16
2
0

2
4
2

12

1
5
14
2
17
10

1

4
1
2
1

1
2

6
3

1.00
1.00
1.08
1.16
1.32
1.45
1.79
1.89
1.90
2.02
2.16
2.22
2.25
2.34
2.45
2.95
3.17
3.38
3.40
3.42
3.58
3.71
3.99
4.06
4.23
4.35
4.39
4.44
4.48

Table 1 (cont).
Length
(km)
Tidal tributary
Alligator Creek
Channel A
Delaney Creek
Delaney Popoff Canal
King Creek
Beever Creek
Dick Creek
Moccasin Creek
South Archie
Peterson Creek
Multicolor Creek
Picnic Island Creek
Bishop Creek
Peppermound Creek
Jackson Branch
Sweetwater Creek
Mullet Creek
Long Branch
Bayou Creek
Memphis Creek
Woods Creek
Booker Creek
Allen Creek
Sims Branch
Tinney Creek
Salt Creek
Fish Creek
Wares Creek

8.4
6.2
11.5
7.1
2.4
3.8
3.2
3.3
9.1
1.0
0.9
3.2
3.5
2.5
2.1
19.5
3.2
5.7
1.3
2.6
2.2
3.0
8.9
1.6
1.7
2.4
3.4
7.2

Basin
Impervious
size
buffer (%)
(km2)
23.0
29.9
47.8
7.9
14.5
7.5
12.2
11.4
34.6
14.5
25.1
8.3
3.7
2.9
8.7
73.1
7.7
6.1
24.5
14.5
0.9
14.5
21.8
1.9
40.0
15.0
9.9
21.4

18.4
12.2
10.7
9.0
14.5
15.8
14.1
17.9
13.7
18.4
31.8
16.8
20.2
28.3
21.1
17.4
23.1
35.0
24.8
13.1
22.0
50.6
22.3
20.3
36.5
38.1
22.4
38.7

Land use
Undeveloped

Urban

Industrial

Wetland Upland Open land Total Urban Suburban
19
14
18
18
9
8
28
29
25
24
29
34
18
29
19
20
15
8
6
14
18
3
13
8
14

14
2
15
8

3
40
13
6

7
6
12

8
6
15
13

6
7
1
2
5
8
8
15
1
3

2
11

8
7

5
3
9

5
15
4

12
2

1

36
56
46
32
9
16
41
50
50
24
43
41
25
30
21
30
26
25
21
15
21
3
19
25
25
4
12
3

56

20
34
18
16
24
22
26
34
25
57
46
46
4
70
2
45
55
52
79
21
58
69
53
15
74
68
88
86

22
23
13
9
8
31
11

Agricultural

Other

LDI

Crop Livestock Rural Recreation
5
2
4
6

1
8
13
51
45

17
7
12

3
2
9

5
2

5
25
19
11
13

67

13
1
16

4
39
7
18
7

56
21
27

4

38
1

2
6
1
51
1
15

1

2

6
22

1

8
13
7

4.48
4.55
4.61
4.66
4.82
4.87
4.98
5.07
5.07
5.22
5.27
5.35
5.61
5.73
5.77
5.80
6.25
6.29
6.32
6.32
6.33
6.51
6.52
6.56
6.68
6.94
7.18
7.51

Table 2. Watershed and habitat variables used to characterize tidal tributaries as fish habitat
Tidal Tributaries
Urban

Undeveloped
Watershed
Basin size (km2)
Tributary length (km)
Percent impervious surface - watershed*
Percent impervious surface - 100-m buffer
Percent cover - 100-m buffer - of:
Undeveloped lands*
Urban*
Industrial
Agricultural
Land Development Intensity index*

Cockroach Frog Mobbly
CC
FC
MB

Pepper Tinney Wares
PM
TC
WC

Industrial

Mosquito ditches

Archie Clark Picnic
AC
CL
PC

Mobbly Weedon
MM
WI

3.3
4.5
9.4
2.4

12.6
7.3
11.3
5.3

7.4
1.4
21.6
4.6

2.9
2.5
35.6
28.3

40.0
1.7
30.4
36.5

21.4
7.2
40.9
38.7

34.6
9.1
17.8
13.7

12.0
4.2
8.0
5.9

8.3
3.2
19.2
16.8

7.4
4.4
21.6
4.2

3.7
30.3
5.6
2.2

65.9
1.4
0.0
31.3
1.9

81.6
15.0
0.0
1.1
2.2

97.0
3.0
0.0
0.0
1.3

29.7
70.3
0.0
0.0
5.7

24.5
73.5
2.0
0.0
6.7

3.2
90.0
0.0
0.0
7.5

49.5
24.8
25.4
0.0
5.1

56.5
17.2
5.0
16.4
3.0

41.7
45.7
12.5
0.0
5.4

94.0
6.0
0.0
0.0
1.4

90.7
0.0
0.6
0.0
1.2

80.6
63.9
0.0
0.0
27.9

88.9
30.6
33.3
2.8
29.5

88.9
33.3
36.1
0.0
29.1

0.0
0.0
0.0
100.0
28.5

33.3
80.6
11.1
25.0
28.2

11.1
25.0
2.8
69.4
28.6

0.0
83.3
0.0
16.7
29.2

69.4
80.6
0.0
0.0
28.7

82.9
20.0
45.7
0.0
27.9

67.6
69.4
25.5
0.0
27.7

91.7
41.7
38.9
0.0
27.6

14.1
10.5
4.4
8.3

15.9
9.8
4.9
0.0

20.7
4.6
4.7
12.2

7.3
5.5
1.5
75.0

16.4
9.2
3.3
34.5

7.8
6.2
5.5
0.0

10.1
10.3
3.9
11.1

27.5
5.0
5.0
0.0

28.1
5.2
4.2
0.0

22.0
4.4
4.8
2.0

24.9
4.4
4.9
34.5

Fish habitat
Percent shoreline cover of:
Red mangroves (Rhizophora mangle)
White mangroves (Laguncularia racemosa)
Oysters*
Altered shoreline*
Mean water temperature
Instantaneous salinity**
Mean salinity (psu)*
Salinity variability (stdev)
Mean dissolved oxygen (mg/L)*
Frequency of hypoxic events

*Variables removed from analysis due to multicollinearity or variance inflation factors (VIF)>15.0
**Instantaneous salinity data collected during each sampling event were included in the CCA analysis.
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Table 3. Summary of the nekton community collected from small tidal tributaries in the Tampa Bay estuary (2007-2008).
Densities are reported as mean nekton 100 m-2. Taxa sorted by decreasing mean density.
Frog
FC
Scientific name

Common name

Poecilia latipinna
Palaemonetes spp.
Lucania parva
Cyprinodon variegatus
Anchoa mitchilli
Gambusia holbrooki
Menidia spp.
Fundulus grandis
Floridichthys carpio
Eucinostomus spp.
Adinia xenica
Microgobius gulosus
Fundulus similis
Sarotherodon melanotheron†
Fundulus confluentus
Mugil cephalus*
Eucinostomus harengulus
Archosargus probatocephalus*
Lagodon rhomboides
Callinectes sapidus*
Gobiosoma spp.
Centropomus undecimalis*
Eugerres plumieri*
Farfantepenaeus duorarum*
Trinectes maculatus
Cichlid spp.†
Elops saurus*
Eucinostomus gula
Brevoortia spp.
Opsanus beta
Fundulus spp.
Heterandria formosa
Oreochromis aureus†
Tilapia spp.†
Leiostomus xanthurus*
Belonesox belizanus†

Sailfin molly
Grass shrimp
Rainwater killifish
Sheepshead minnow
Bay anchovy
Eastern mosquitofish
Silverside
Gulf killifish
Goldspotted killifish
Mojarra
Diamond killifish
Clown goby
Longnose killifish
Blackchin tilapia
Marsh killifish
Striped mullet
Tidewater mojarra
Sheepshead
Pinfish
Blue crab
Goby
Common snook
Striped mojarra
Pink shrimp
Hogchoker
Cichlid
Ladyfish
Silver jenny
Menhaden
Gulf toadfish
Killifish
Least killifish
Blue tilapia
Cichlid
Spot
Pike killifish

528.6
964.4
340.3
146.1
57.8
110.8
113.1
88.1
58.1
12.2
80.3
2.5
3.6
5.0
<0.1
13.3
11.7
14.2
11.1
0.6
0.6
2.5
1.9
1.1
<0.1

2.8

Undeveloped
Mobbly Cockroach
MB
CC
258.6
187.5
288.6
122.5
<0.1
16.7
34.2
61.7
82.5
<0.1
18.6
9.2
8.3
1.4
7.2
1.7
6.9
3.6
<0.1
11.1
7.5
1.7

Pepper
PM

80.8
18.9
23.6
46.9

1221.4
0.8
291.1
238.9

1.1
118.9
56.1
2.5
3.1
7.8
1.9
11.7

508.6
0.6
2.8

134.2
10.8
172.8
75.8
813.1
215.0
218.1
33.1
18.3
4.2

Wares
WC

Picnic
PC

229.7
7.2
3.9
53.3

329.7
393.1
663.3
273.1

65.6
13.3
88.3
<0.1
0.8

0.6
16.4
20.3
0.8

5.0
0.8
0.6
1.7

26.1
4.2

0.6

0.6

4.2
<0.1

Urban
Tinney
TC

19.4
1.1
<0.1

60.0

3.3
<0.1
3.6

5.6
0.8
4.4

1.4

1.1
3.1
5.8
5.8

0.6
<0.1

3.3
0.6

24.7
106.1
135.0
28.1
40.3
9.2
15.3
<0.1
10.8
3.6
5.8
12.2
3.9
1.1
<0.1
6.7
0.8

Industrial
Archie
Clark
AC
CL
83.9
409.4
15.3
141.4
<0.1
14.7
151.9
58.9

173.9
86.1
32.2
13.1
124.2
48.6
17.2
64.4

27.2

15.8
24.2
1.9
11.1

3.3
11.1
0.6
8.6
6.7
3.6
6.1
1.7
<0.1
1.1
5.3
1.7
6.4

<0.1
0.6

0.6
1.4
1.9

<0.1
1.1
<0.1
1.9
0.6
2.2

<0.1
1.7
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0.6
1.9
0.6
4.4
7.2
1.4
1.1
<0.1

5.3

2.5
<0.1

14.7

0.8
3.9
3.3
1.7
<0.1

0.8
<0.1
1.4
1.4

Mosquito
Weedon Mobbly
WI
MM
117.5
159.7
242.2
69.2
124.2
44.4
166.9
31.1
10.0
0.8
11.7
0.6
7.5

178.7
316.3
191.0
29.7

3.1
6.1
0.6
<0.1

3.7
3.0

0.8

3.3

18.7
54.0
36.3
1.0
9.3
14.3

0.6
0.7
<0.1
<0.1
1.3

4.4

1.1
1.4
1.9

Total
density

305.28
230.92
206.08
111.23
98.03
91.21
83.23
59.62
31.08
12.85
11.36
11.33
9.21
5.97
5.44
3.74
3.36
3.23
3.18
3.03
2.59
1.87
1.87
1.31
1.00
0.95
0.77
0.72
0.69
0.64
0.38
0.38
0.38
0.38
0.36
0.33

Table 3 (cont).
Frog
FC
Scientific name

Common name

Cichlasoma urophthalmus†
Dorosoma petenense
Gobiosoma bosc
Achirus lineatus
Cichlasoma spp.†
Strongylura spp.
Strongylura notata
Mugil gyrans*
Anchoa spp.
Oligoplites saurus
Pogonias cromis*
Bathygobius soporator
Ctenogobius smaragdus
Cynoscion nebulosus*
Lophogobius cyprinoides
Cynoscion arenarius*
Loricariidae†
Lucania goodei
Micropterus salmoides*
Chaetodipterus faber
Chasmodes sabburae
Cichlasoma bimaculatum†
Cichlasoma octofasciatum†
Lepomis macrochirus*
Lutjanus griseus*
Mugil curema*
Mugil spp.*
Sciaenops ocellatus*

Mayan cichlid
Threadfin shad
Naked goby
Lined sole
Cichlid
Needlefish
Redfin needlefish
Fantail mullet
Anchovy
Leatherjacket
Black drum
Frillfin goby
Emerald goby
Spotted seatrout
Crested goby
Sand seatrout
Armored catfishes
Bluefin killifish
Largemouth bass
Atlantic spadefish
Florida blenny
Black acara
Jack Dempsey
Bluegill
Gray snapper
White mullet
Mullet
Red drum

Total nekton density
Total species richness
Mean density of economic taxa
Mean density of exotic taxa
Number of samples

Undeveloped
Mobbly Cockroach
MB
CC

Pepper
PM

Urban
Tinney
TC

Wares
WC

Picnic
PC

Industrial
Archie
Clark
AC
CL

Mosquito
Weedon Mobbly
WI
MM

2.5
1.7
0.6

0.6
<0.1

0.7
0.6
<0.1

<0.1

0.6

<0.1

3.1
<0.1
<0.1

<0.1

1.1
0.6
0.6
1.7

0.6

1.7
1.1
1.4

<0.1

1.4
0.8
<0.1
1.1
0.8

0.6

0.6

0.6
0.7

<0.1
0.8

<0.1

<0.1
0.6
0.6
0.6
<0.1
<0.1
<0.1
<0.1
<0.1

<0.1
<0.1
<0.1
<0.1
2576.9
34
32.8
4.7
36

1138.6
32
23.9
3.1
36

392.2
25
8.3
4.2
36

2297.2
13
6.1
0.0
36

934.0
30
13.9
3.9
36

* Economic species
† Exotic species

59

551.7
26
7.5
71.9
36

2071.4
34
28.3
<0.1
36

970.0
34
24.4
2.2
36

653.9
27
16.1
<0.1
36

1002.5
25
7.5
<0.1
36

864.3
18
9.0
2.3
30

Total
density

0.28
0.28
0.28
0.26
0.23
0.23
0.18
0.15
0.13
0.13
0.13
0.10
0.08
0.08
0.08
0.05
0.05
0.05
0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
1307.0
64
16.8
8.5
390

Table 4. Summary of results from canonical correspondance analysis for twenty-two nekton metrics of habitat quality in
relation to in-stream habitat and watershed characteristics
Summary statistics
Eigenvalue
Statistical significance of CC axes
Variance in species data
% variance explained
Cumulative % variance explained
Weighted correlation for species and habitat
Variables
Watershed

Axis 1 (CC1)

Axis 2 (CC2)

Axis 3 (CC3)

Axis 4 (CC4)

0.13
0.005

0.063
0.005

0.035
0.030

0.032
0.040

0.12
0.06
0.36
0.42
0.74
0.74
Biplot scores

0.06
0.48
0.62

0.24
0.24
0.94

Basin size (BSNSZ)
Tributary length (CRKLEN)
Impervious surface (IMPBUF)
Industrial (IND)
Agricultural (AG)

P
0.16
0.22
0.005
0.06
0.09

-0.38
-0.42
0.85
-0.36
-0.22

-0.16
-0.06
-0.20
0.17
-0.38

-0.02
0.14
0.08
-0.17
0.05

-0.39
-0.23
-0.17
-0.17
0.04

Red mangrove (RM)
White mangrove (WM)
Mean water temperature (TEMP)
Instantaneous salinity (SAL)
Salinity variability (SAL_SD)
Frequency of hypoxic events (DO_HYPFRQ)

0.005
0.005
0.32
0.005
0.06
0.005

-0.69
-0.69
-0.01
-0.49
-0.02
0.78

0.24
-0.47
0.29
0.01
-0.10
-0.19

-0.26
-0.20
-0.06
-0.23
0.004
-0.21

0.28
-0.19
0.03
0.60
-0.43
-0.28

Fish habitat

Variable abbreviations correspond to those used in the CCA plots (Figure 8).
P-values indicate significance of watershed and fish habitat variables from the Monte Carlo permutation test. Statistically significant (P <0.05) biplot scores
that were >0.40 were considered important in defining an axis and are indicated in bold.
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Table 5. Summary of metric scores from canonical correspondance analysis for nekton metrics of
habitat quality in relation to in-stream habitat and watershed characteristics
Nekton metrics
Abundance
Total nekton density
Density of:
Cyprinodon variegatus
Fundulus grandis
Gambusia holbrooki
Lucania parva
Menidia spp.
Palaemonetes grass shrimp
Poecilia latipinna
Number of species
Percent of taxa that are economically important
Proportion of taxa that are exotic/non-native
Community similarity with reference community

Abbreviation
Nekton

Axis 1 (CC1) Axis 2 (CC2) Axis 3 (CC3) Axis 4 (CC4)
0.03

0.08

-0.07

-0.08

Cvar
Fgra
Ghol
Lpar
Menspp
Palspp
Plat
Rich
Economic
Exotic
Comm_sim

0.06
-0.36
1.07
-0.09
-0.42
-0.64
0.56
-0.21
-0.40
-0.03
-0.22

0.21
-0.28
-0.21
0.49
-0.64
0.30
0.11
-0.20
-0.14
-0.58
-0.25

-0.01
0.24
-0.06
-0.37
-0.36
0.42
0.24
-0.01
0.24
0.31
-0.02

0.03
0.46
-0.29
0.24
-0.60
-0.22
0.09
0.10
0.12
0.14
0.17

Body Condition
LSMean body mass for:
C. variegatus
F. grandis
L. parva
Menidia spp.
Palaemonetes grass shrimp
P. latipinna
Lipid energy reserves for P. latipinna

Con_Cvar
Con_Fgra
Con_Lpar
Con_Men
Con_Pal
Con_Plat
TAG_Plat

-0.15
-0.14
-0.15
-0.14
-0.22
-0.16
0.77

-0.40
-0.42
-0.38
-0.40
-0.33
-0.42
-0.35

0.08
0.07
0.01
0.06
0.04
0.06
0.25

0.17
0.17
0.17
0.19
0.14
0.18
0.01

Reproduction
Number of offspring
Offspring size
Reproductive allotment

N off _Plat
Sz off _Plat
RA_Plat

-0.20
0.05
-0.11

-0.48
-0.33
-0.42

0.04
0.01
0.03

0.15
0.06
0.19

Metric abbreviations correspond to those used in the CCA plots (Figure 8).
Metric scores (in bold) were considered to be responsive to the environmental gradient and were included in our interpretation of the axis.
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Figure 1. Location of tidal creeks and selected mosquito ditches within the Tampa Bay
estuary. Study sites are referred to throughout the text by the two-letter abbreviations
included on the map
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Figure 2. Landscape development intensity (LDI) index for Tampa Bay’s 55 named tidal creeks and two mosquito-ditched
wetlands. Creeks are ranked by increasing LDI on the y-axis
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Figure 3. Mean percent land-use composition within the 100-m buffer of eleven tidal tributaries defined for this study as
undeveloped, mosquito ditch, industrial or urban. Undeveloped land uses include natural land cover (wetlands and uplands)
and open land. “Other” includes recreational and rural lands
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Figure 4. Mean density of nekton collected from eleven tidal tributaries. Tributaries are grouped by land-use class. Mean
number of species collected per sample within a tributary is indicated at the base of each bar
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Figure 5. Cluster dendrogram of nekton-community similarity among eleven tidal tributaries from undeveloped (circles),
industrial (squares) and urban (triangles) watersheds and for mosquito-control ditches (diamonds). Groupings are based on
hierarchical agglomerative clustering of square-root transformed Bray-Curtis similarities for mean species densities from 36
samples per tributary
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Figure 6. Multidimensional scaling plot showing community similarity and variation in nekton-community structure for eleven
tidal tributaries in Tampa Bay (2007 and 2008). Each point represents the average community based on six samples collected
during a sampling event. Distances between points are the Bray-Curtis similarities of square-root transformed mean densities.
Land-use classes and tributary names are indicated for undeveloped (circles), industrial (squares) and urban (triangles)
tributaries and for mosquito-control ditches (diamonds). Note the separation (i.e., dissimilarity) between urban and non-urban
tributaries indicating greater dissimilarity than that observed among non-urban tributaries
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Figure 7. Relationship between the Landscape Development Intensity index and a) mean
nekton density, b) mean species richness and c) percent similarity to the average nekton
community observed in the three reference tributaries
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Fig. 8

a

b

Figure 8. Canonical correspondence analysis relating in-stream habitat and land-use variables with metrics of nekton-habitat quality in
mangrove tidal tributaries. Environmental variables with coefficients >0.40 are displayed in a larger font than less explanatory
variables. Gradients are plotted as vectors with a) tidal tributaries as symbols and with b) nekton metrics as labels within boxes. Each
point in panel a represents a sampling event with six events at each tributary. The average location of each tributary is indicated by its
two-letter abbreviation. Land-use classes are plotted by symbol for undeveloped (circles), industrial (squares) and urban (triangles)
tributaries and for mosquito ditches (diamonds). Labels for body condition for six nekton taxa (eg., Con_Plat) in panel b were plotted
in the same location and are overlapping
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Chapter Two
Morphometric and biochemical condition of a resident forage fish of tidal
tributaries of an urbanized estuary
Introduction
Shallow, intertidal habitats are known areas of high primary and secondary
productivity in coastal estuaries (Mitsch and Gosselink 1993; Deegan et al. 2000).
Assimilation and export of productivity from these systems is facilitated by the abundant
resident nekton that convert primary production to animal biomass and are subsequently
consumed by transient nekton that “relay” this production to the adjacent open estuary
and nearshore coastal zone (Deegan et al. 2000; Kneib 2003; Stevens et al. 2006). Along
the salinity gradient within the estuary, greater benthic primary production has been
observed at higher, more stable salinities (Blassuto et al. 2005; van der Molen and
Perissnotto 2011). Such variation in benthic production among locations along the
salinity gradient may have individual and population-level consequences if reduced
benthic production translates to reduced energetic condition, growth, reproduction or
survival of consumers (e.g., Litvin et al. 2011). In this context, variation in benthic
productivity among locations within the estuary, with its potential to influence nekton
populations may be equated with habitat quality.
Superimposed upon the natural spatial variation in habitat quality are the
perturbations created by humans within the estuarine landscape. One example of such
disturbance is the urbanization of coastal watersheds that induce further variation in the
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quality of fish habitat, specifically in transitional systems such as the small tidal
tributaries that connect the watershed and the open estuary (Holland et al. 2004; Krebs et
al. in prep). For example, increased impervious surface resulting from watershed
development can modify freshwater inflows to tidal tributaries and influence salinity in
these systems (Arnold and Gibbons 1996; Paul and Meyer 2001). The extent of
impervious surface in coastal watersheds has been linked to differences in various
attributes of the nekton community in small tidal tributaries (Krebs et al. in prep)
suggesting that anthropogenic modification of these watersheds has the potential to alter
the quality of nekton habitat.
The consequences of watershed development and its link to specific biological
and ecological attributes of the estuarine-fish community can be assessed in terms of
“essential fish habitat” (EFH, Able et al. 1999). Evaluation of EFH can be addressed
using any or all of a 4-tier system. At the coarsest levels, assessment of species
presence/absence (tier I) and relative abundance (tier II) can be used to evaluate EFH
(Able et al. 1999, Magnuson-Stevens Fishery Conservation and Management Act).
However, lower-tier EFH metrics may fail to convey information on the biologically
relevant aspects of habitat quality, such as condition, growth, reproductive potential and
survival of fish (tier III). Of the tier III measures, body condition, defined most often as
morphometric or biochemical condition (Shulman and Love 1999), has been explored as
an integrated measure of the energetic income (i.e., food resources) available to fishes
and the energetic demands placed upon them in the form of physicochemical stressors,
predation pressure, reproduction and competition for resources.
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While the original concept of EFH relates specifically to the identification of
critical habitat for marine nekton, the underlying idea of variation in the quality of fish
habitat can be applied more broadly to assess the ecological response to shifts in
dominant vegetation (Weinstein et al. 2009), to evaluate the success of habitat restoration
(LaPeyre et al. 2007; Able et al. 2008; Kimball et al. 2010), to demonstrate the outcome
of habitat management practices (Piazza and LaPeyre 2010) and to better understand the
influence of watershed development on the quality of nekton habitat (Krebs et al. in
prep). Biochemical condition of fishes, often measured in terms of lipid and/or protein
content and water content, is a particularly useful indicator of habitat quality and may be
more biologically relevant than morphometric condition for several reasons. First,
morphometric condition suffers from a physiological disconnect between body mass and
biochemistry as the latter may exhibit a biologically significant change without detectable
variation in body mass (Mommsen 1998). Second, biochemical condition directly
reflects fish physiology and the biological response of fishes to environmental conditions
(Shulman and Love 1999) and is sensitive to variation in the quality of fish habitat across
a range of different ecosystems. For example, the biochemical condition of fishes has
been shown to be lower in habitats with unfavorable physicochemical conditions (e.g.,
suboptimal temperature or salinity, chemical contaminants (Smith 1988; Benton et al.
1994; Adams 1999; Litvin et al. 2008), those lacking structural refuge (Lloret and Planes
2003; Lloret et al. 2005) or those providing reduced access to food resources (Smith
1988; Heulett et al. 1995; Weinstein et al. 2009). Finally, biochemical condition
integrates metabolic, reproductive and growth-related expenditures and provides a
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relative estimate of the reproductive and survival potential of the individual (Smith 1988;
Schultz and Conover 1997; Trexler 1997; Hoey and McCormick 2004).
Fishes in “good” biochemical condition are assumed to result from higher net
energetic income, greater energy storage for future intensive uses (e.g., reproduction,
migration, overwintering) and fewer energetic expenditures than fishes in poor
biochemical condition, the latter which is thought to reflect relatively poor habitat
quality. Optimal quality habitat for a juvenile fish likely consists of an area with
relatively stable physicochemical conditions, an abundant, lipid-rich food resource, low
competition for food and low risk of predation. Under these conditions, the amount of
stored energy can be maximized and energy expenditures for osmoregulation, respiration,
foraging, competition and predator avoidance would be minimized. Among the various
lipid classes that constitute ‘total lipids’, triacylglycerols (TAGs) are the dominant
energy-storage lipid and the primary source of energy for locomotion, growth and
reproduction in vertebrates, including fishes (Tocher 2003; Litvin et al. 2011). TAGs
have been identified as a sensitive indicator of condition (Fraser 1989) due to its rapid
accumulation and mobilization in proportion to food availability (i.e., quantity and
quality; Kerrigan 1994; Lochmann et al. 1995; Lochmann and Ludwig 2003) and
physiological demand (Benton et al. 1994). Variation in TAGs has been linked to
differences in habitat quality (Weinstein et al. 2009; 2011; Litvin et al. 2008), fish health
(Shulman and Love 1999), reproductive potential (Marshall et al. 1999) and fluctuations
in population size (Shulman and Love 1999), in contrast to morphometric condition,
which often shows little or no variation in response to physiological and environmental
variability (Shulman and Love 1999; Weinstein et al. 2009; Martin 2009).
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In tidal wetlands, small-bodied resident fishes represent an important resource for
higher trophic levels (Kneib 1997; Stevens et al. 2006). Studies investigating EFH and
tidal wetlands have focused primarily on presence/absence, nekton abundance, growth
and production of resident nekton (e.g., Able and Hagan 2003; Able et al. 2008; Kimball
et al. 2010,) as well as the identification of nursery habitat for juvenile transient nekton
(e.g., Goldberg et al. 2002; Baker and Minello 2010). Furthermore, most EFH studies
have focused primarily on the salt-marsh ecosystem (but see Faunce and Serafy 2008).
Here we expand these studies to examine the body condition of a common species of
resident nekton in mangrove-dominated wetlands. Sailfin mollies (Poecilia latipinna) are
the focus of this study as they represent a numerically dominant species in coastal
wetlands from freshwater marshes to hypersaline pools. This species is largely
herbivorous feeding on benthic microalgae (Harrington and Harrington 1982; Alkahem et
al. 2007; Chick et al. 2008; Krebs pers. observ.), and therefore provides a critical trophic
link between benthic microalgal production and upper-level consumers such as wading
birds (Trexler et al. 1994), blue crabs (Ellis and Bell 2004), snakes (Miller and
Mushinsky 1990) and piscivorous fishes (Blewett et al. 2006; Krebs and Bell 2012). As a
result of their ecological role, environmental factors such as water quality and food
availability that determine patterns of energy storage by sailfin mollies may have
implications not only for the survival and reproductive potential of this species (Smith
1988; Benton et al. 1994; Trexler 1997), but also for trophic pathways in tidal tributaries
and the export of primary production to the greater estuary (Kneib 1997; Deegan et al.
2000).
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Here we evaluate the body condition of juvenile sailfin mollies from mangrove
tidal tributaries using: 1) morphometric condition, based on length-weight relationships,
and 2) biochemical condition, measured as a function of lean protein and lipid content,
with specific focus on TAG. We then examined relationships between these EFH tier III
metrics and the intensity of land use in the surrounding watershed to determine the level
of variation in body condition associated with watershed development. Specifically, we
tested the null hypothesis of no difference in morphometric or biochemical condition for
juvenile sailfin mollies from mangrove tidal tributaries located across a range of
landscape development intensity. Finally, we assessed the utility of these tier III metrics
as indicators of fish-habitat quality in tidal tributaries.

Materials and Methods
Site selection and sample collection
In order to identify sample sites in tidal tributaries spanning a gradient of
landscape development intensity (LDI), a spatial analysis was conducted for the 55
named tidal tributaries and several man-made tributaries (i.e., mosquito-control ditches)
in Tampa Bay. Details of this analysis are presented in Krebs et al. (in prep), but briefly,
we estimated for each tributary percent composition of each land-use class (FDOT 1999)
within the 100-m shoreline buffer using ArcMap GIS 9.2. LDI indices (Brown and
Vivas 2005) were then estimated within the 100-m buffer for each of the tidal tributaries.
Potential values of this index range from 1 to 10 along a gradient from completely
undeveloped to a completely developed urban center and is an area-weighted, land-use
specific function of the amount of non-renewable energy required to develop an
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undeveloped watershed and maintain developed land uses and human activities within
that watershed. Finally, percent impervious surface was calculated for the same area
using the impervious raster dataset from Xian and Crane (2005).
Based on the results of the land-use analysis, eleven tidal tributaries (Figure 1)
were selected across the range of LDI and from four land-use classes designated as
Natural, Urban, Industrial or Man-made. We randomly sampled sailfin mollies from
each tributary during six sampling events conducted between March and October 2007
and 2008 (n=36 samples/tributary). We chose to limit our examination of body condition
to juvenile mollies (19-34-mm SL) to allow comparison among sites without the
confounding effects of ontogeny and changes in lipid dynamics associated with
reproduction (Reznick and Braun 1987). Up to 10 individuals from each sample were
measured to the nearest 1-mm SL and weighed to the nearest 0.01 g for analysis of
morphometric condition. From samples collected during 2008, we retained an additional
subset of up to 20 juveniles from each tributary for analysis of biochemical condition
specifically lean protein content, total lipids and TAG. Each individual was measured to
the nearest 1-mm SL in the field, then euthanized in tricaine methanesulfonate (MS-222)
at 10 g/L buffered with sodium bicarbonate at 0.5 g/L for ten min following cessation of
opercular ventilation. Fish were then placed on dry ice in individual Whirl-pak bags
containing site water and then stored in the lab at -80°C until processed.
Prior to each sampling event, salinity was recorded using a YSI 556 MPS handheld meter. These observations were supplemented with longer-term records of salinity
data collected by Pinellas, Hillsborough and Manatee County environmental programs
and the U.S. Geological Survey from March through October 2000-2009 (approximately
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20-30 observations per tributary). Using these data, we estimated long-term mean
salinity for each tidal tributary and related these estimates to buffer LDI to determine the
amount of variation in salinity that could be explained by anthropogenic land uses.

Benthic microalgal biomass as a proxy for food availability
To test for the potential influences of food availability and quality on biochemical
condition of juvenile mollies, we collected randomly placed sediment cores from six tidal
tributaries (PM, WC, MB, CC, PC and MM) spanning the range of collection sites.
Samples were obtained between 22-28 July 2009 at the same locations from which fish
were collected during the previous year. Sediment samples (n = 15 creek-1, 1.4-cm
diameter and 1-cm3 volume) were immediately placed in 50-ml plastic centrifuge tubes
on ice and in the dark and stored at -30°C for approximately 6 weeks until processed.
Chlorophyll extraction and spectrophotometric estimation followed the methods of
Whitney and Darley (1979), excluding the acidification step to remove pheophytin.
Briefly, sediment was extracted overnight in 90% acetone at 5°C. Acetone was decanted
following centrifugation to remove sediment after which 14.5 ml of hexane was added to
further separate chlorophyll and pheophytin from their breakdown products. Absorbance
of total chlorophyll (i.e., chlorophyll a and pheophytin) in the hexane fraction was
measured at 663 nm, corrected for sample turbidity by subtracting absorbance at 750 nm
and converted to mg chlorophyll 2 using the equation:

Total chlorophyll =

A * (663abs – 750abs) * V
a*p
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where,
A is the absorption coefficient for chl a in hexane = 11.02
V is the volume of hexane containing extracted chlorophyll (L)
a is the area of the sediment core = 0.000154m2
p is the cuvette path length = 1 cm

Fish tissue preparation
Prior to processing, fish were slowly thawed in an ice bath, re-measured to the
nearest 0.01-mm SL and weighed to the nearest 0.1 mg wet weight. Digestive tracts were
removed to prevent the inclusion of non-assimilated lipids in the analysis and fish were
then reweighed. Whole fish, minus digestive tract, were lyophilized and dry weight was
recorded to the nearest 0.1 mg.
Biochemical condition was estimated for juvenile mollies as: 1) lean protein mass,
2) total lipids and 3) TAG. Estimates of biochemical condition were standardized by
body mass and reported as mg g-1 dry weight.

Lipid extraction and thin-layer chromatography
Lipid quantities were determined by thin-layer chromatography and quantification
of lipid classes using flame ionization detection (Iatroscan, Mark IV). Dried fish were
ground to a fine powder and a 50+1 mg subsample was folded into Whatman 541 ashless
filter paper for extraction. Following the methods of Litvin et al. (2011) modified from
Parrish (1987), three sequential extractions were performed in a 2:1 v/v
dichloromethane:methanol solution (HPLC grade) with samples under N2 at 5°C. The
three extractions then were combined and back-extracted with 0.1M KCl for 1.5 hours at
5°C (Folch et al. 1957). Following back-extraction, the upper layer containing KCl,
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methanol and non-lipid material was drawn off and the lower dichloromethane layer was
dried under N2 at 38°C. The dried lipids were reconstituted with 0.5 ml of
dichloromethane and stored under N2 at -30°C prior to analysis.
In order to quantify the amount of each lipid class, extracted lipids were spotted at
the origin on Chromarod SIII silica-coated quartz rods and developed in a series of
solvents to resolve non-polar and polar lipids following the modified methods of
Lochmann et al. (1995). The first two development solutions consisted of hexane-diethyl
ether-formic acid (97:3:0.01 v/v/v) and (69:31:0.01 v/v/v) and separated hydrocarbons,
wax esters, triacylglycerides, fatty acids, fatty alcohols, and sterols. The third
development solution consisted of dichloromethane-methanol-water (60:36:4 v/v/v) and
separated monoglycerides and phospholipids. Each rack of 10 rods included a duplicate
of one sample and a composite standard consisting of eight lipid classes including
nonadecane (hydrocarbon, HC), stearyl palmitate (wax ester, WE), glycerol tripalmitate
(triacylglycerol, TAG), palmitic acid (free fatty acid, FFA), 1-hexadecanol (fatty alcohol,
FA), cholesterol (sterol, ST), 1-monopalmitoyl-rac-glycerol (monoglycerol, MAG), and
L ! phosphatidyl choline (phospholipid, PL). One in twenty rods was left blank to check
for contamination.
After each development, a partial scan of the rods was conducted on an Iatroscan
Mark IV flame-ionization detector to quantify lipids within the first 70% of the rod while
preserving undeveloped lipids at the origin. The third scan was a full scan of the rods and
removed any remaining nolipid material from the origin. Data from each scan was
recorded to a personal computer using a signal integrator and PeakSimple software. Area
under the peak for each lipid class was calculated and converted to concentration (ug ul-1)
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using calibration curves developed for each standard and chromarod. Calibration curves
were created by running a series of six concentrations (0.25, 0.50, 1, 2, 5 and 10 ug ul-1)
for each lipid standard and then plotting peak area against lipid concentration and fitting
the curve with a quadratic function through the origin.

Lean protein mass
For gravimetric determination of lean protein mass, tissue packets were dried
following lipid extraction for 48 hours at 90°C and weighed to the nearest 0.1 mg.
Packets were then combusted in pre-weighed crucibles at 550°C for 2 hours after the
addition of 0.1 ml of mineral oil to promote combustion. Protein mass was estimated as
the difference between lean dry weight and post-combustion ash weight, accounting for
the weight of the filter.

Statistical analyses
Analysis of covariance (ANCOVA) was used to test for differences in
morphometric (body weight in g) and biochemical condition (lean protein mass, total
lipids and TAG) among fish collected in tidal tributaries. In each instance, standard
length was employed as a covariate (Vila-Gispert and Moreno-Amich 2001). Prior to
analysis, data were loge transformed and tested for homogeneity of slopes by including a
dependent variable-by-covariate interaction effect in the model. When the assumption of
parallel slopes was met, the interaction effect was removed and the analysis re-run.
When slopes were not parallel, we tested the dependent variable at the grand mean of the
covariate.
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Differences in TAG concentration (mg g-1 DW) were examined by proc GLM in
SAS software 9.1.3 (SAS Institute Inc. 2005) to perform a nonparametric one-way
ANOVA on ranks. Pair-wise comparisons were conducted using Hochberg’s GT2 for
unequal sample size.
To examine variation in the energy content of juvenile mollies TAG, total lipids
and lean protein mass (in mg g-1 DW) were converted to energy equivalents (kJ/g) by
multiplying each value by 39.57 kJ/g for lipids and 20.10 kJ/g for protein, respectively
(Brett and Groves 1979). TAG energy and lean protein energy were regressed on dry
weight for fish from all tributaries and the residuals of both regressions were plotted to
estimate average biochemical condition. The energetic condition of mollies from each
tributary was evaluated in terms of the average condition. Tributaries with a greater
frequency of individuals having positive energy residuals were assumed to provide better
quality habitat than tributaries with less frequent positive residuals or with negative
residuals. We also estimated total energy for each individual as the sum of total lipid
energy and lean protein mass energy and plotted the mean total energy to allow
comparison among sites.
Differences in BMA biomass were compared with one-way Analysis of Variance
(ANOVA) using log-10 transformed data and Tukey’s post-hoc multiple comparison tests
when necessary. BMA data met the assumptions of homogeneity of variance (Levene’s
test) and normality (Shapiro-Wilk test). To determine the extent of the variation in body
condition that could be explained by BMA biomass as a surrogate for food availability,
we correlated biochemical condition (as TAG concentration) and BMA biomass.
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To test the null hypothesis of no relationship between body condition of juvenile
mollies and LDI, linear regression was used to relate morphometric condition and
biochemical condition with LDI. For morphometric condition, natural-log transformed
mean dry weight was regressed on LDI. For biochemical condition, LDI was compared
with several measures of biochemical condition, including log-transformed mean lean
protein mass, total lipids and TAG (mg/g DW) as well as TAG energy and total energy
(kJ). Based on the variation in salinity regime among tidal tributaries observed by Krebs
et al. (in prep), we also related these measures of morphometric and biochemical
condition to mean long-term salinity in the tributaries.

Results
Landscape development intensity and salinity
Landscape development intensity for the eleven tidal tributaries ranged from 1.2 –
7.5 (Table 1), which included natural tributaries from relatively undeveloped watersheds
at MB, CC and FC, man-made mosquito-control ditches at MM and WI, intensively
developed urban watersheds at WC, TC and PM and less intensively developed industrial
watersheds at CL, AC and PC. Long-term mean salinity was highly variable among tidal
tributaries ranging from 7.3 – 28.1 ppt, with lower salinities generally observed in the
most intensively developed tributaries (7.3 – 16.4 ppt) and higher, less variable salinities
(often greater than 20 ppt) in the industrial and man-made tributaries. Decreasing salinity
was significantly related to increasing LDI, with slightly less than half of the variation in
salinity explained by anthropogenic land uses near the tributary (r = -0.42, P < 0.0001;
Figure 2).
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Morphometric condition
Juvenile sailfin mollies collected in tidal tributaries of Tampa Bay exhibited an
isometric relationship between body mass and standard length for both wet weight (R2 =
0.95, slope = 2.96) and dry weight (R2 = 0.93, slope = 3.28; Figure 3). There was no
difference in morphometric condition of fish collected in different tributaries when
estimated as least-square mean dry weight (ANCOVA, n = 194, P = 0.85; Table 2).
Condition of juvenile mollies, measured as least-square mean wet weight, however,
differed significantly among tributaries (ANCOVA, n = 194, P < 0.0001) because
individuals from MM were significantly larger, i.e., in better morphometric condition,
than fish from MB, WI, PM and TC.

Biochemical condition
Lean protein mass of juvenile mollies increased isometrically with standard length
(R2 = 0.90, slope = 3.23; Figure 4) and differed significantly among tributaries
(ANCOVA, n = 194, P<0.0001). The highest lean protein content was observed for
mollies from MB and MM, which had significantly higher values than mollies from all
tributaries except CC, CL, FC and TC and for mollies from TC, which had greater protein
content than fish from PC and PM (Table 2).
Total lipid content increased with body size, but became much more variable than
protein content as individuals became larger. Juvenile mollies, in general, had lower total
lipids at smaller sizes (Figure 5) than larger juveniles, suggesting that lipids were diverted
to growth or other processes at smaller sizes rather than to storage, or that lipid
acquisition was difficult. In fact, individuals at MM had low lipid content but relatively
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high protein content supporting the idea that energy was allocated to growth rather than
storage. Larger juveniles (>26 mm SL) however, had considerably more total lipids (by a
factor of 2 - 9) than smaller juveniles in most cases. As juvenile body length increased,
the amount of total lipid increased predictably for fish from most of the tributaries (Table
3). Mean percent total lipids ranged from 1.7-13.0% of dry weight, with the highest
percentage for juvenile mollies at PM. We observed little variation in percent lipids for
mollies from eight of the eleven tributaries, where mean values ranged from 2.7-4.5%;
however, mollies from PC (1.8%) and MM (1.7%) had noticeably lower total lipids.
As with total lipids, TAG concentrations were lowest in juveniles smaller than 26mm SL (<1 mg in most cases, Figure 6). Juveniles at some sites (MB, FC, WC, PM)
began accumulating TAGs at a smaller size (~26 mm SL) than juveniles from other sites
(CC, TC), including both man-made tributaries (MM, WI) where increased TAG storage
was not observed until juveniles reached larger sizes (~30 mm SL), if at all, as observed
for PC. For the majority of tidal tributaries (six of eleven), percent TAG for juvenile
mollies was 1-3%. Mollies from PM had a considerably greater proportion of TAG at
9%, while individuals from CC, WI, MM and PC had much lower TAG levels, on
average, 0.2-0.9%.
Mean TAG concentration ranged from 2.2 – 89.9 mg/g DW and was significantly
different among tidal tributaries (ANOVA, n = 194, P < 0.0001, Figure 7). Juvenile
mollies from PM had the highest mean TAG concentration observed, the greatest
variation among individuals and significantly higher TAG than mollies from all
tributaries except WC, where individuals possessed considerably lower TAG (29.0 mg/g
DW). The lowest mean TAG concentration and lowest variation among individuals was

84

observed at PC (2.2 mg/g DW). Juvenile mollies from MM had nearly twice the amount
of TAG (4.0 mg/g DW) observed at PC, while mollies from MB, CL, CC and WI had
twice that (8.2 – 10.7 mg/g DW) observed at MM. An additional two-fold increase in
TAGs was observed for mollies from TC, FC and AC (18.3 – 20.0 mg/g DW).

TAG, lean protein and total energy residuals
Juvenile mollies collected in natural tidal tributaries with relatively low LDI
values <3.0 (FC, CC, MB and CL) were in average condition in terms of TAG and
protein energy residuals as indicated by the largely overlapping ellipses (Figure 8). In
contrast, juvenile mollies from intensively developed tributaries with LDI values >5.0
(PM, WC, TC and AC) were in better condition than mollies from other tributaries as
reflected by their higher TAG energy residuals compared to the mid-range of TAG
energy residuals. Individuals from these intensively developed tributaries had greater
energy reserves than mollies from less developed systems, but did not appear to be
allocating energy to tissue growth as indicated by their negative protein energy residuals.
Juvenile mollies from man-made tributaries at MM and WI, as well as PC, which were
well connected to an adjacent mosquito-ditched area along its entire eastern shoreline,
were in relatively poor condition based on the negative distribution of energy residuals
for most individuals. Interestingly, mollies from the same watershed were in
considerably better condition in the tidal creek (MB) compared to the man-made
tributaries (MM), where mollies had lower TAG energy residuals, but similarly positive
protein energy residuals.
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We observed positive total energy residuals for juvenile mollies from PM, MB,
TC, CL and MM (in decreasing order of total energy residuals, Figure 9). In contrast,
mollies from the other six tributaries had negative residuals, with the lowest total energy
residuals for individuals from WI and PC. There was no clear pattern relating total
energy residuals with landscape development intensity (Figure 9).

Comparison of morphometric and biochemical condition
Although we observed little variation in the morphometric condition of juvenile
mollies among tributaries across a gradient of increasing landscape development
intensity, biochemical condition, specifically TAG concentration, displayed significant
variation in fish collected in different tributaries. This trend was best illustrated through
the comparison of morphometric and biochemical condition for a subset of tributaries at
which biochemical condition varied most. We observed no significant difference in
morphometric condition for juvenile mollies from PM, MB and MM (Table 2, Figure
10a); however, individuals from these three tributaries exhibited the greatest contrast in
biochemical condition (Table 2, Figure 10b). Mollies from PM had significantly more
TAG than mollies from MM (Hochberg’s GT2, P < 0.0001), while mollies from MB had
intermediate TAG reserves that were not significantly different from either PM (P =
0.144) or MM (P = 0.320). In contrast, mollies from MB and MM had the highest leastsquare mean lean protein mass, while mollies from PM had the lowest lean protein mass,
on average (Table 2).
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Benthic microalgal food resources
Biomass of BMA differed among tidal tributaries (ANOVA, n = 90, P < 0.0001,
Figure 11) and was highest at MB and WC (106 ± 13.1 to 145 ± 10.9 mg chlorophyll a 2)
where significantly more benthic microalgal food was observed relative to the other
tributaries. Food availability was not significantly different among tributaries at PC, PM
and MM (50 ± 4.4 to 63 ± 5.7 mg chlorophyll a 2) and was moderately abundant relative
to the other tributaries examined. The least abundant food resource was found at CC (32
± 3.5 mg chlorophyll a 2), which had significantly lower BMA biomass than the other
tributaries. There was not a significant correlation between the biomass of benthic
microalgal food resources and mean TAG concentration for juvenile mollies in these
tributaries (n = 6, r = 0.14, P = 0.39).

Body condition and landscape development intensity
Intensity of landscape development was not significantly related to dry weight (n
= 12, R2 = -0.10, P = 0.81) or lean protein mass (n = 12, R2 = -0.08, P = 0.61) for juvenile
mollies (Figure 12a and b). However, statistically stronger relationships were observed
for TAG concentration (n = 12, R2 = 0.18, P = 0.11; Figure 12c) and TAG energy (n =
12, R2 = 0.26, P = 0.06; Figure 13a), which increased with the intensity of landscape
development. When one outlying tributary (i.e., PC) was removed, the relationship
between TAG energy and LDI improved significantly (n = 11, R2 = 0.54, P = 0.009).
The best predictor of biochemical condition for juvenile mollies, however, was long-term
mean salinity (n = 12, R2 = 0.81, P <0.0001; Figure 13b), which varied with LDI (Figure
2) but may have also been influenced by other factors. Juvenile mollies from lower-
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salinity tributaries had greater stored TAG energy than mollies from higher-salinity
tributaries; however, the correlation between salinity and LDI, in which decreasing
salinities were often observed with increasing LDI, increasing urban lands and greater
impervious surface (Table 1) confounded interpretation of these factors and their
relationship with biochemical condition.

Discussion
Juvenile sailfin mollies in mangrove tidal tributaries exhibited significant
variation in biochemical condition, in terms of TAG and lean protein mass, along a
gradient of landscape development intensity. Compared to juveniles from natural
tributaries in relatively undeveloped watersheds, individuals from intensively developed
tributaries had higher TAG energy reserves, but lower protein content. In contrast,
juvenile mollies from, or in proximity to, man-made tidal tributaries were in poor
condition, as reflected by very low TAG and protein energy reserves. This observed
inter-tributary variation in biochemical condition is a clear indication of differential
habitat quality for juvenile mollies and provides a biologically relevant metric with which
to assess the consequences of coastal development on the value of estuarine fish habitats.
In contrast to biochemical condition, morphometric condition of juvenile mollies did not
differ among tributaries indicating that this metric was not sensitive to the intensity of
watershed development.
Although we observed differences in the biochemical condition of juvenile
mollies from tidal tributaries across a range of increasingly developed watersheds, the
intensity of landscape development did not explain as much of the variation in
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biochemical condition of mollies as did salinity regime. However, long-term mean
salinity, which was lower in urban creeks than in less intensively developed tributaries,
was well correlated with LDI and therefore difficult to separate as potential causes of
reduced TAG content. Specifically, lower salinities tended to occur where high
impervious surface directs greater freshwater runoff to the tributary, which seems to
implicate land use effects. However, because salinity is also influenced by tidal
connectivity and proximity of sample sites to the estuary, and because these factors may
be independent of land use, a simple relationship between land use and the biochemical
condition of juvenile mollies is confounded. It is likely that the observed variation in
biochemical condition of juvenile mollies is mediated by the combined influences of
freshwater runoff and tidal exchange with the estuary, both of which determine the
salinity regime of the tributary. We hypothesize that the observed variation in
biochemical condition of juvenile mollies can be explained by differences in the energetic
cost of osmoregulation over the range of salinities encountered among tidal tributaries.
We further hypothesize that urban land uses, characterized by a considerably greater
extent of impervious surface than undeveloped lands, contribute to altered watershed
hydrology, high freshwater runoff and low salinities in urban creeks and thus foster
conditions conducive to a benthic microalgal community of greater nutritional value to
sailfin mollies than the algal food resources available to mollies in non-urban tributaries.

Quantity and quality of benthic microalgal food resources
The energetic cost of osmoregulation may be offset by the energetic income
derived from abundant food resources. For example, Heulett et al. (1996) demonstrated
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variation in storage lipids for juvenile mosquitofish ranging from 13-22% of dry weight
depending on food availability. However, as we have shown here, while BMA biomass
tended to be lower in tributaries where juvenile mollies had low TAG concentrations, this
trend was not consistent for all six tributaries examined, suggesting that food quality may
have played a greater role in determining the amount of TAG energy in juvenile mollies.
It should be noted that the creek at which fish had the highest TAGs (PM) had been
dredged the month prior to sediment sampling, which may have affected BMA biomass.
Greater benthic primary production, which is associated with greater algal growth and
lower TAG energy storage in benthic diatoms (Hu et al. 2008) has been reported at high,
stable salinities (Blassuto et al. 2005; van der Molen and Perissnotto 2011), which is in
agreement with our observations of high TAG content for fish from low-salinity
tributaries. In general, BMA reduce growth and divert neutral lipids, including TAG, to
storage under stressful environmental conditions such as reduced salinity and nutrient
limitation (Hu et al. 2008). Khatoon et al. (2010) observed greater lipids in benthic
diatoms from low salinities (15-25 ppt) compared to diatoms from high salinities (30-35
ppt). Similarly, Chen et al. (2008) reported that benthic diatoms from 10 ppt had
substantially greater TAG concentrations than diatoms from 30 ppt. Therefore, juvenile
mollies from low-salinity tributaries may have access to higher quality food resources
(i.e., high TAG content) as a result of stressful environmental conditions experienced by
BMA.
When we compared the biochemical condition of juvenile mollies with benthic
microalgal biomass for a subset of six tidal tributaries, we observed a poor relationship
between fish condition and food availability. This observation suggests that the quantity
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of food resources for juvenile mollies may be a less informative measure of habitat
quality than perhaps the quality of benthic microalgal food (e.g., caloric or energetic
content). Therefore, when evaluating food availability, we caution against the use of
benthic microalgal standing crop as a proxy for habitat quality as it may not reflect the
energetic value of the food resource to consumers such as sailfin mollies.
Several studies on a number of fish species from a variety of systems reported
results similar to our observations of higher TAG content in low-salinity tributaries. For
example, Molony and Sheaves (1998) reported a negative correlation between salinity
and total lipid concentrations for glassfish, Ambassis vachelli, in a tropical mangrove
estuary. Sailfin mollies from man-made mosquito ditches with low salinities were
observed to have higher total lipids than mollies from nearby ditches with higher
salinities and better tidal connectivity to the open estuary (up to 10-12% more by dry
weight, Smith 1988, Kemp 2004). Similarly, individuals reared in freshwater have been
shown to possess greater energy reserves (i.e., neutral lipids or TAG) than conspecifics
raised in saline water (Daikoku et al. 1982; Borlongan and Benitez 1992). In the latter
case, the energetic differences were attributed to a physiological response rather than to
differences in diet, which were held constant.

Energetic cost of osmoregulation
Differences in TAG content for juvenile mollies among tidal tributaries may be
attributed to their physiological response to the prevailing salinity regime. While known
to be eurytolerant and capable of efficient osmoregulation over a wide range of salinities,
mollies may incur greater energetic cost in saline and hypersaline waters (> 35 ppt) as
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indicated by increased oxygen consumption (Gonzalez et al. 2005) and higher Na+/K+
ATPase enzyme activity compared to mollies from fresh (0 ppt) and brackish water (15
ppt) (Gonzalez et al. 2005; Yang et al. 2009). Salinity-induced depletion of TAG energy
reserves was reported for salmonids moving from low salinity waters to seawater and was
shown to result from elevated lipase enzyme activity (Sheridan 1988), further supporting
a physiological mechanism as an underlying cause of low energy reserves at high
salinities. Although our results do not allow us to accept or reject the physiological or
resource availability hypotheses, we suggest that both are plausible explanations for
greater stored TAG energy in juvenile mollies from low-salinity tributaries. Furthermore,
the combined effects of relatively low energetic expense and high energetic income from
higher quality benthic microalgal food in low-salinity tributaries would explain the high
TAG concentrations observed for sailfin mollies in urban systems.
In contrast to our observations of different TAG concentrations for juvenile sailfin
mollies from tidal tributaries with different salinity regimes, McManus and Travis (1998)
found no difference in TAG storage for reproductive male mollies from north Florida
marshes and tidal creeks (0 to 36 ppt) exposed to experimental treatments of 2, 12 and 20
ppt. This result either suggests that lipid storage dynamics differ between juveniles and
adults or that factors correlated with salinity, but controlled for by McManus and Travis
(1998), were responsible for variation in TAG concentration among our study sites.
Because sailfin mollies are euryhaline and tolerate salinities from 0 to 80 ppt (Nordlie et
al. 1992; Bachman and Rand 2008), it’s possible that osmoregulation did not incur a
measurable energetic cost. However, this speculation is not supported by studies on the
physiology of sailfin mollies.
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Other potential influences on biochemical condition
Within the Mobbly Bayou wetland, we observed habitat-specific differences in
the condition of juvenile mollies between the tidal creek (MB) and the mosquito ditches
(MM). Mollies from both locations did not differ in lean protein mass or morphometric
condition. However, juvenile mollies from the tidal creek had significantly more total
lipids (P = 0.013) and greater TAG reserves (10.7 mg/g vs. 4.0 mg/g DW). Although the
difference in TAGs between mollies from MB and MM was not significantly different (P
= 0.27), the average TAG concentration for mollies from MB was considerably greater
than that for mollies from MM. We suggest that the reason for the difference in TAG
reserves is related to the less abundant benthic microalgae in the mosquito ditches and
shading from the dense canopy over the mosquito ditches that prevents light penetration
and reduces primary productivity.
Sailfin mollies at PM had the highest levels of stored energy, by far, of mollies
from any of the tidal tributaries. Mean body size at PM was smallest and offspring size
was larger than that observed for female mollies at any of the other tidal tributaries
(Krebs and Bell 2012). It is likely that low predation risk in this tidal creek relative to
others around the estuary (Krebs and Bell 2012), allowed female mollies at PM to store
energy otherwise allocated to growth for predator avoidance. At reproductive maturity,
females would then have been able to allot a greater percentage of stored lipids to yolked
oocytes and possibly to provide supplemental nourishment to developing embryos (i.e.,
matrotrophy, Trexler and DeAngelis 2003; Krebs and Bell 2012).
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Contrasting results from morphometric and biochemical condition
Morphometric condition of juvenile mollies did not differ among tributaries, in
contrast to our observation of significant differences in biochemical condition. Our
results based on length-weight analysis of body condition were inconsistent with the
observed pattern of biochemical condition. Juvenile mollies did not differ in
morphometric condition despite showing statistically significant variation in energy
reserves among tributaries. This result can be explained by differences in the mass and
energy content of biochemical constituents. Despite being undetectable using
morphometric condition, the significance of a small gain in lipid mass to the biochemical
condition of a fish far outweighs a measurable, but less energetic gain in water mass
(Mommsen 1998). In Tampa Bay tributaries, we observed the most widely contrasting
biochemical conditions for juvenile mollies at MM and PM, sites with low and high LDI,
respectively. Despite no difference in morphometric condition between these two
locations, mollies at MM had significantly greater lean protein mass than mollies from
PM, which had the lowest lean protein mass observed in all but one of the tributaries. In
contrast, juvenile mollies at PM had significantly greater TAG content compared to
mollies from MM, which had nearly the lowest TAG reserves. Similarly contrasting
results were observed by Weinstein et al. (2009) who showed that mummichog, Fundulus
heteroclitus, a highly abundant, small-bodied resident fish from temperate saltmarshes,
possessed greater energy reserves in natural Spartina habitat in contrast to conspecifics
from saltmarsh dominated by the invasive reed, Phragmites australis, despite similar
morphometric condition among habitats. Other studies have also shown disagreement
between morphometric and biochemical condition for juvenile common sole, Solea solea,
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(Gilliers et al. 2006) and goatfish, Upeneus tragula (McCormick and Molony 1993).
Collectively, the results of these studies indicate that, in many cases, morphometric
condition is unable to resolve differences in habitat quality and fails to provide a
meaningful relationship between the habitat and the biology of the organism that
occupies it. We suggest that future studies of fish condition use biochemical metrics to
assess habitat quality in order to avoid the potentially ambiguous results often derived
from morphometric measures of fish condition.
Only one previous study that we are aware of has attempted to explain variation in
fish condition as a function of watershed land use. Amara et al. (2007) examined
biochemical condition of juvenile common sole (Solea solea) in several estuaries along
the coast of France and found that the TAG:ST ratio (an indicator of energy storage
standardized for structural lipids) was higher in relatively undeveloped estuaries than in
industrialized estuaries. Their results indicate poor biochemical condition of juvenile
sole in estuaries with more intensively developed watersheds; however, their qualitative
assessment of watershed development prevented the direct relationship of land use
intensity and fish condition.

Conclusions
Based on the results of this study, we have demonstrated that, in an urbanized
estuary, tidal tributaries located in more intensively developed watersheds provided
higher quality habitat for an abundant forage fish. The observed variation in habitat
quality was reflected by the biochemical condition (i.e., energy reserves) of individuals
among tributaries. Although the underlying cause of the differences in habitat quality is
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unclear, we suggest that correlation between biochemical condition and salinity can at
least partially explain the observed variation. Future research can clarify the role of
salinity in determining habitat quality for estuarine fishes by examining the biochemical
condition of fishes from urbanized tributaries with low mean salinities and fishes from
the oligohaline reach of undeveloped tributaries. Such an approach would focus on the
effects of land use while controlling for salinity and its potential influence on the
biochemical condition of fishes. Furthermore, the contribution of diet (e.g., benthic
microalgae) to the biochemical condition of consumers should be explored to further
resolve the role of food quality in determining the overall quality of fish habitat in tidal
tributaries.
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Table 6. Intensity of land-buffer development and salinity regime for mangrove tidal tributaries in Tampa Bay, Florida.
Land use attributes were estimated at a local scale within a 100-m buffer on both banks of the tributary. Tributaries are
sorted by increasing landscape development intensity. Sample size (n) indicates the number of dates on which salinity was
measured

Tidal tributary
Weedon mosquito
Mobbly Bayou
Mobbly mosquito
Cockroach
Frog
Clark
Archie
Picnic
Peppermound
Tinney
Wares

(WI)
(MB)
(MM)
(CC)
(FC)
(CL)
(AC)
(PC)
(PM)
(TC)
(WC)

n

Percent
urban
land

Percent
impervious
surface

Landscape
Development
Intensity index

Mean
salinity
(ppt)

Salinity
variability
(stdev)

32
46
27
32
25
32
34
11
29
32
23

0.0
3.0
6.0
1.4
15.0
17.2
24.8
45.7
70.3
73.5
90.0

2.2
4.6
4.2
2.4
5.3
5.9
13.7
16.8
28.3
36.5
38.7

1.2
1.3
1.4
1.9
2.2
3.0
5.1
5.4
5.7
6.7
7.5

24.9
20.7
22.0
14.1
15.9
27.5
10.1
28.1
7.3
16.4
7.8

4.4
4.6
4.4
10.5
9.8
5.0
10.3
5.2
5.5
9.2
6.2
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Table 7. Least-square mean body mass and mass of lean protein, total lipids and TAGs, in milligrams, for juvenile sailfin
mollies from mangrove tidal tributaries in Tampa Bay, Florida. Tributaries are sorted by increasing landscape
development intensity. Masses that are not statistically different share the same letter
Tidal tributary
Weedon mosquito
Mobbly Bayou
Mobbly mosquito
Cockroach
Frog
Clark
Archie
Picnic
Peppermound
Tinney
Wares

(WI)
(MB)
(MM)
(CC)
(FC)
(CL)
(AC)
(PC)
(PM)
(TC)
(WC)

n

Wet weight

Dry weight

Lean protein

Total lipids

16
20
16
18
20
15
16
20
18
17
18

554.2
555.0
603.7
585.3
569.0
597.6
585.3
575.2
552.2
549.3
566.8

120.3
119.4
114.8
117.6
119.8
122.0
118.6
120.3
113.4
118.1
116.4

57.9
67.8
65.8
59.3
59.5
62.4
57.4
57.0
57.1
64.6
58.3

2.7
3.2
1.7
3.1
3.8
3.0
3.9
2.0
12.9
3.3
4.7

abc
abc
a
abc
abc
ab
abc
abc
abc
abc
abc
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N/S

abcd
abcd
abcd
abcd
abcd
abcd
abcd
abcd
abcd
abcd
abcd

abcde
abcde
abcde
abcde
abcde
abcde
abcde
abcde
abcde
abcde
abcde

TAGs
0.1
0.4
0.02
0.1
0.4
0.7
1.2
0.03
7.6
0.5
2.4

abc
abc
abc
abc
abc
abc
abc
abc
abc
abc
abc

Table 8. Regression results for the relationships between standard length (SL) and lean protein, total lipids and TAGs for
juvenile sailfin mollies from mangrove tidal tributaries in Tampa Bay, Florida. Tributaries are sorted by increasing landscape
development intensity. All variables were natural log transformed prior to regression. Regression fit is reported as adjusted R2
Tidal tributary

Lean protein
2

Weedon mosquito
Mobbly Bayou
Mobbly mosquito
Cockroach
Frog
Clark
Archie
Picnic
Peppermound
Tinney
Wares

(WI)
(MB)
(MM)
(CC)
(FC)
(CL)
(AC)
(PC)
(PM)
(TC)
(WC)

R
0.97
0.87
0.90
0.87
0.97
0.74
0.98
0.94
0.90
0.92
0.95

P
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
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Total lipids
2

R
0.78
0.25
0.59
0.15
0.47
0.26
0.53
0.64
0.16
0.31
0.34

P
<0.0001
0.01
0.0003
0.06
0.001
0.03
0.001
<0.0001
0.06
0.01
0.01

TAGs
2

R
0.54
-0.03
0.29
0.05
0.07
-0.08
0.38
-0.02
0.19
0.14
0.13

P
0.001
0.51
0.02
0.18
0.15
0.92
0.01
0.41
0.04
0.08
0.09

Figure 9. Location of tidal tributaries and selected man-made mosquito-control ditches
within the Tampa Bay estuary, FL
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Figure 10. Relationship between landscape development intensity (LDI) and mean salinity in eleven tidal tributaries within the
Tampa Bay estuary, FL
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Figure 11. Relationship between standard length (SL) and body mass as wet weight (open circles) and dry weight (closed
circles) for juvenile sailfin mollies (Poecilia latipinna) from eleven mangrove tidal tributaries in Tampa Bay, FL
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Figure 12. Lean protein mass as a function of standard length for juvenile sailfin mollies
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Figure 13. Relationship between total lipid mass and standard length for juvenile sailfin mollies
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Figure 14. Concentration of triacylglycerol (TAG) standardized by dry weight as a measure of biochemical condition for
juvenile sailfin mollies
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Figure 15. Distribution of TAGs standardized by body mass for juvenile sailfin mollies from mangrove tidal tributaries. For
each tributary, mean and median TAG are represented by the closed circle and the horizontal line within the box, respectively.
Upper and lower bounds of the box represent the 25th and 75th percentiles. Whiskers indicate the 10th and 90th percentiles.
Values beyond the 90th percentile are shown as open circles
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Figure 16. TAG and lean protein energy residuals for juvenile sailfin mollies from mangrove tidal tributaries. The shaded
ellipse represents the average biochemical condition for juvenile mollies estimated using the mean and standard deviation of
TAG and lean protein energy residuals for individuals from all tributaries. The open ellipses depict the mean and standard
deviation of energy residuals for each tributary. Biochemical condition of individuals from a given tributary is indicated by the
position of the open ellipse relative to the average biochemical condition of juvenile mollies
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Figure 17. Mean total energy residuals ± 1 standard deviation for juvenile sailfin mollies from mangrove tidal tributaries.
Tributaries are sorted by increasing landscape development intensity
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Figure 18. Comparison of a) morphometric and b) biochemical condition of juvenile sailfin mollies from three representative
tidal tributaries with the greatest contrast in biochemical condition (i.e., TAGs). TAG concentration was highest at PM
(triangles), intermediate at MB (closed circles) and lowest at MM (open circles) despite no difference in morphometric
condition. MB and MM are natural and man-made tidal tributaries, respectively, collocated in the same watershed

109

Figure 19. Benthic microalgal (BMA) biomass as a proxy for food availability for juvenile sailfin mollies from six tidal
tributaries spanning the range of observed TAG concentrations. Note that PM was dredged several weeks prior to sample
collection, which may have reduced BMA biomass
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Figure 20. Relationship between landscape development intensity (LDI) and morphometric condition measured as a) leastsquare mean dry weight, and biochemical condition as b) lean protein mass and c) TAG for juvenile sailfin mollies from
eleven mangrove tidal tributaries
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Figure 21. Relationship between biochemical condition of juvenile sailfin mollies measured as TAG energy and a) landscape
development intensity (LDI) and b) ln long-term mean salinity
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Chapter Three
Risk of predation reflects variation in the reproductive strategy of a
dominant forage fish in mangrove tidal tributaries
Introduction
Predators have the potential to induce significant changes to the reproductive life
histories of their prey. Delayed breeding or maturity under high risk of predation has
been reported for mammals (Arthur et al. 2004), fishes (Belk 1998; Johnson 2001) and
freshwater gastropods (Crowl and Covich 1990). Many species also exhibit behavioral
modifications in an attempt to minimize predation risk (Woodley and Peterson 2003;
Fievet et al. 2008) presumably to avoid delayed reproduction or reduced fitness.
Specifically, some taxa may reduce the frequency of courting behavior (Endler 1987),
nest building and/or egg-laying (Magnhagen 1990), although doing so may incur costs to
individual reproductive fitness (Preisser and Bolnick 2008), particularly when
reproduction is unsuccessful. In addition, predation risk may cause a reduction in the
proportion of reproductively active individuals (Korpimaki et al. 1994), suppression of
egg production (Fraser and Gilliam 1992) or reduced offspring quality (McCormick
1998). Perhaps more commonly, animals under a perceived high risk of predation may
exhibit differences in reproductive traits that impact fecundity, such as: relatively smaller
gonads in fishes (Belk 1998), reduced egg biomass in aquatic insects (Peckarsky et al.
1993), and smaller-than-average litter size in rodents (Korpimaki et al. 1994) compared
to animals reproducing in the absence of predators. Finally, the presence of a predator
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can delay (Moore et al. 1996) or expedite (Warkentin 1995; Evans et al. 2007) the timing
of egg hatching which has the potential to reduce hatchling survival and parental
reproductive success.
Although predator-induced variation in prey reproductive life histories has been
demonstrated across diverse animal taxa, poecilliid fishes, in particular, have received
considerable attention. Their reproductive strategy as iteroparous livebearers allows for a
single individual to be observed over multiple breeding events and the effects of
changing conditions on life history features to be measured (e.g., Dzikowski et al. 2004).
Additionally, the short generation time of poecilids provides an opportunity to measure
changes in life history strategies over multiple generations (Reznick et al. 1990).
Notably, work conducted by Reznick and colleagues (e.g., Reznick and Endler 1982) in
freshwater streams in Trinidad offered strong support for the idea that predation regime
may exert significant influence on the reproductive life-history strategies of poeciliid
fishes. Reznick and Endler (1982) first demonstrated that female guppies, Poecilia
reticulata, inhabiting streams characterized by the presence of predators, produced
smaller and more offspring per brood, and invested a greater proportion of total maternal
biomass to offspring, compared to guppies from streams where predators were absent.
These reproductive differences persisted when guppies from different predation regimes
(i.e., “predator” vs. “no predator”) were reared under common abiotic conditions, thereby
suggesting that the presence of predators had greater influence on reproductive
characteristics than environmental conditions (Reznick et al. 1990). When transplanted
to streams that lacked predators, the reproductive strategy of guppies from predatorstreams ultimately converged with that of native guppies (Reznick and Bryga 1987).
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More recently, Johnson and Belk (2001) reported divergent life histories for another
poeciliid, Brachyrhaphis rhabdophora, in response to predation (vs. B. rhabdophora
from predator-free systems) across geographically isolated freshwater tributaries in Costa
Rica. Similar results were reported for Brachyrhaphis episcopi in Panamanian streams
(Jennions and Telford 2002). These results from freshwater settings collectively
demonstrate a similar reproductive response to predation and provide strong evidence for
a link between predation risk and reproductive life history strategies for poeciliid fishes.
Importantly, variation in poeciliid life histories has most often been studied in
terms of “predation” versus “no predation” environments (e.g. Johnson and Belk 2001;
Dzikowski et al. 2004). Because these findings have emerged via the contrast of prey
from but two scenarios (i.e., predator vs. no predator) with typically no direct measure of
predation risk, our ability to describe the degree to which predators shape prey
reproductive strategies is constrained to such conditions. Yet the more common
ecological setting experienced by many fish taxa throughout their geographic range likely
involves exposure to a range of predator feeding-types (e.g., aquatic, aerial, benthic) and
levels of risk among locations rather than a present/absent dichotomy. Accordingly,
predation risk might be better described as reflecting a gradient and if so, our ability to
directly relate incremental variation in reproductive attributes with coincident variation in
predation risk would invite discussions on a broader set of conditions under which
predation might influence life history strategies. This approach would also provide
greater resolution of the predator-prey relationship by demonstrating whether or not
moderate predation risk imposes greater change in reproductive strategy than lower risk
but less change than higher risk.
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Herein we describe a study to investigate the association between prey
reproductive attributes and quantitative estimates of predation risk for forage fishes from
small tidal tributaries in a subtropical mangrove estuary. The predation regime in this
system likely differs from that presented in previous studies of predation, most of which
were conducted in freshwater tributaries (e.g., Reznick and Endler 1982, Johnson and
Belk 2001). In contrast to freshwater streams, small tidal tributaries experience diurnal
or semidiurnal fluctuations in water level that result in constantly changing water depths
and availability of structural refuge along vegetated intertidal shorelines. These changing
conditions alter the susceptibility of small-bodied fishes to predators and expose them to
different predator assemblages during the course of the tidal cycle. The suite of predators
associated with mangrove tidal tributaries, like freshwater systems, includes piscivorous
fishes that feed in the water column, but also commonly includes benthic predators such
as the blue crab (Callinectes sapidus) and those that feed from the shoreline, or
temporarily enter the water at low tide, such as wading birds and colubrid water snakes
(Miller and Mushinsky 1990; Trexler et al. 1994; Ellis and Bell 2004). Similar to
previously studied freshwater streams, small tidal tributaries are often inhabited by
abundant poeciliid fishes, including the sailfin molly (Poecilia latipinna Lesueur, 1821),
a common prey species for the many predators listed above.
To investigate the association between predation risk and prey reproduction, we
first examined the reproductive attributes of sailfin mollies from small tidal tributaries
and asked: How much interpopulation variability exists in the reproductive life history of
P. latipinna, in terms of fecundity, offspring size and maternal investment to offspring
(i.e., reproductive allotment)? Based on observed contrasts among populations of sailfin
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mollies from different tributaries, we then used an experimental approach to address the
question: Is variation in reproductive strategy reflective of the level of predation risk
experienced by mollies from different tributaries? We predicted, based on the results of
our reproduction study and the life-history literature (e.g., Reznick and Endler 1982,
Johnson and Belk 2001, Jennions and Telford 2002) that the highest predation risk would
be observed for the tributary in which female mollies produced the smallest brood but the
largest offspring. We further postulated, based upon previous studies (discussed above),
that the highest predation risk would be associated with the greatest reproductive
allotment.

Materials and methods
Sailfin mollies are one of the most abundant nekton species inhabiting coastal
wetlands in the southeastern United States (e.g., Krebs et al. 2007). This species is
largely herbivorous, feeding on benthic microalgae (Chick et al. 2008) and is therefore a
central conduit for the transfer of primary production to consumers in upper trophic
levels such as wading birds (Trexler et al. 1994), blue crabs (Ellis and Bell 2004), snakes
(Miller and Mushinsky 1990) and piscivorous fishes (Blewett et al. 2006). We collected
sailfin mollies from eleven tidal tributaries representing both natural (i.e., creeks) and
man-made (i.e., mosquito-control ditches) settings in the Tampa Bay estuary on the west
coast of Florida, USA (see map of study locations in Online Resource 1). Based on the
large distances between most of our study sites (>10 km), the low densities of poeciliids
typically collected in the open estuary, and the relatively small home range (<0.5 km) of
small-bodied resident fishes (Able et al. 2006), our study populations are likely
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reproductively isolated, although confirmatory data await collection. During the
reproductive seasons of 2007 and 2008, we conducted three sampling events each year
using a center-bag seine net to collect fish, during which six random samples were
collected from each tributary, for a total of 36 samples per tributary. Additional
collections were made as necessary to provide adequate sample sizes when sailfin mollies
were in low abundance in random samples.

Reproductive life histories
To characterize reproductive life histories, we examined up to 60 gravid females
from each tributary (i.e., up to 30 individuals per year). Our sample size at two sites,
Archie Creek (AC) and Tinney Creek (TC), was limited to 35-40 gravid females per
creek over the two-year study because of low abundances. Each fish was measured to the
nearest 0.01 mm standard length (SL) using digital calipers and weighed to the nearest
0.001 g blotted wet weight (WW). For each gravid female, we enumerated the embryos
and classified them by developmental stage (sensu Haynes 1995). We only used females
with embryos at, or beyond, stage 7 due to the difficulty associated with separating and
enumerating unpigmented embryos at earlier stages. We estimated offspring size for
each female as the average mass, to the nearest 1 mg, of three haphazardly chosen
embryos and their yolk sacs. Because embryo size increased between stages 7 and 11
(parturition) and as a function of maternal size, we adjusted offspring size using stage of
development and maternal size as covariates during analysis. We then examined the
degree of maternal investment to offspring by estimating reproductive allotment (RA) as
the percentage of maternal mass represented by embryos. Unlike most studies in which
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RA is based on dry weight, we estimated RA using wet weight. Although this difference
in methods prevents direct comparison of RA with previous studies, it does not preclude
comparison of RA among tributaries in our study, nor does it prevent comparison of the
range of RA with previous studies assuming no significant change in percent water
content through development as shown by Scrimshaw (1944).

Predation risk (tethering experiment)
Based on observations from the reproduction study (Table 9), we identified
tributaries where mollies exhibited divergent reproductive strategies and conducted a
fish-tethering experiment at those sites to examine the relationship between predation risk
and observed differences in reproduction. We estimated predation risk for four tidal
creeks: Peppermound Creek (PM), Mobbly Bayou (MB), Cockroach Creek (CC) and
Archie Creek (AC). Based on previous studies, we predicted a higher risk of predation at
sites where mollies produced many, small offspring compared to sites where mollies
produced fewer and larger offspring.
Tethering experiments were conducted during July and August 2009 and over that
time were repeated on three dates at each creek. Within a creek, three estimates of
predation risk were made on each date by tethering 6-8 female mollies at each of three
locations for a total of 20 tethered fish per replicate. Fish were collected within the creek,
but away from tethering locations, just prior to the experiment and anesthetized using
MS-222 prior to tethering. Use of anesthesia was discontinued after we determined that
the additional handling time was causing pre-release mortality. We observed no prerelease mortality following the change in protocol. Fish were tethered to a 0.5-m long
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monofilament line (6-lb test) attached using a fine wire loop inserted through the
connective tissue immediately posterior to the mandible and maxillary bones of the
protrusible mouth. A small loop tied on the opposite end of the tether was threaded onto
a vertical, monofilament centerline (30-lb test) that was weighted to the bottom with a
lead bank sinker (85 g) and suspended at the water’s surface with a plastic float (sensu
Ellis and Bell 2004). While tethered, fish were able to move freely throughout the water
column. Following a ten-minute recovery period, we haphazardly placed tethered fish
along both creek banks within 0.1 m of shoreline vegetation and approximately 5-10 m
apart. Placement near, but not directly on, the shoreline allowed fish to move with
untethered fishes along the edge of structure where they are commonly found during low
water. Conducting tethering trials during low tides also prevented tethered fish from
becoming entangled in shoreline structure and minimized tethering artifacts associated
with differential vulnerability of tethered fishes in different habitat types (Peterson and
Black 1994).
We conducted tethering trials between 0900 and 1300 on low-falling to low-slack
tides to avoid the confounding effects of time-of-day, tidal stage and inundation of
refuge-providing shoreline vegetation. Most tethering trials lasted between 60-90 min
with the exception of the first two trials at PM, which lasted 120 min. We ended trials
when the shoreline vegetation was inundated and untethered mollies had moved into the
shallow intertidal areas and beyond the reach of predators within the channel. During
tethering trials, we made observations of potential predators that may not have been
observed actively preying on tethered fish, but are known piscivores (e.g., wading birds,
fishes, blue crabs, turtles). We recorded the identity, number and frequency with which
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one or more potential predators were observed within the area. At the conclusion of the
trial, we classified the disposition of each tethered fish as live, dead (and still on the
tether), or missing from the tether (indicating predation or escape). When we observed
predators that were attached to the tether upon retrieval, their size and identity were
recorded. To account for fish that may have escaped their tethers during the experiment,
we conducted in situ controls concurrently with tethering trials. We placed up to six
tethered fish per trial in individual 19-L containers of site water along the water’s edge
and intermittently agitated them to simulate agonistic interactions and predation attempts
that might have caused fish to escape their tethers. As with experimental fish, we
recorded the disposition of control fish at the end of the trial. To account for potential
size-selective and depth-related differences in predation among creeks and among sites
within a creek, we measured for each fish, standard length and water depth (to the nearest
5 cm) at the start and end of each trial.

Statistical analyses
We compared the reproductive attributes of sailfin mollies among tidal tributaries
using the GLM procedure on log10-transformed values in SAS v. 9.1 (SAS Institute,
Cary, NC) to conduct Analysis of Covariance (ANCOVA). This approach allowed us to
account for the effects of maternal size and embryo developmental stage on the value of
the dependent variables as utilized in a number of comparable studies (e.g., Johnson and
Belk 2001; Abney and Rakocinski 2004; Walsh and Reznick 2008). We first compared
number of offspring among tributaries with maternal size (WW) as the covariate. We
then compared both offspring size and reproductive allotment among tributaries with
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maternal size and stage of development as covariates in both tests. Prior to performing
each ANCOVA, we examined homogeneity of slopes by testing covariates for an
interaction with tributary. Because we observed an interaction between tributary and
maternal size for number of offspring, it was necessary to test for differences in the
dependent variable at a specific value of the covariate. As is common when slopes are
non-parallel, we chose to compare offspring number among tributaries at the grand mean
of female mollies from all tributaries. Distributions of maternal size among tributaries
overlapped the grand mean size of tethered fish and examination of studentized residuals
did not reveal any patterning suggestive of curvilinearity or heteroscedascity, indicating
that our statistical approach was appropriate. For the comparison of offspring size, there
was no interaction between tributary and either covariate (maternal size P=0.48, embryo
stage P=0.058), indicating that regression slopes were parallel and that the change in
offspring size with maternal size and embryo stage was consistent among tributaries.
Following any significant differences among tributaries, we identified those tributaries
that were statistically different in terms of the dependent variables by performing
multiple comparisons with P-values adjusted using the studentized maximum modulus
(SMM option in SAS). In reporting our results, we provide mean values of the dependent
variables as back-transformed least-square means and error estimates as 95% confidence
limits. Reproductive allotment (RA) is reported as the percentage of maternal wet weight
represented by embryos (in contrast to previous studies in which RA is reported as a
function of dry weight) and was calculated using the least-square mean embryo weight
estimated at the grand mean of maternal wet weight.
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We tested the null hypothesis of no difference in predation risk among the four
creeks by fitting a logistic regression model (Proc Logistic) in SAS with creek as the
independent variable and the ratio of missing fish to the total number of tethered fish as
the dependent variable. The Hosmer-Lemeshow goodness-of-fit statistic indicated that
our model did not deviate from the expected distribution (!2=0.00, P=1.00). Statistical
significance of pairwise differences was determined from the Wald chi-square test.
To control for the possibility of size-selective predation of tethered fish among
creeks, we used a Kolmogorov-Smirnov (K-S) test to compare the mean size of missing
fish with that of fish remaining on tethers at the end of the trials. We also examined the
influence of water depth on the probability of predation using a K-S test to compare the
frequency of missing fish with the frequency of all fish tethered at each depth.
Finally, we used our estimates of predation risk at each of the four experimental
sites to examine the relationship between predation and reproduction by correlating the
level of risk with each of the three reproductive traits. We could not effectively
determine if predation data were normally distributed and therefore used Spearman rank
correlation rather than Pearson product-moment correlation. All tests were performed at

! =0.05.

Results
Reproductive strategies
Reproductive strategies of sailfin mollies varied widely among tidal tributaries
(Table 9). Although mollies from six of the eleven tributaries did not differ statistically
in the number or size of offspring produced, we observed an obvious contrast in
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strategies and a range of differences among locations. Mean fecundity ranged from 24 to
42 embryos and differed among tributaries (ANCOVA, F=1.99, P=0.032, Table 9) with
mollies at CC and AC producing approximately 58-75% more offspring (41-42 embryos)
than mollies from three of the other tributaries, including MB, Mobbly mosquito ditches
(MM) and PM (24-26 embryos).
Mean offspring size ranged from 16.9-28.9 mg and varied significantly among
tidal tributaries (ANCOVA, F=14.10, P<0.0001). The largest offspring were found at
PM, where mollies produced offspring that were 26-71% larger than those from the other
ten tributaries (SMM-adjusted multiple comparison, P<0.0001). Females from AC and
CC produced offspring that were 26% and 57% smaller than those from PM (P<0.0001).
Although not as large as those from PM, offspring size at MB was 21-31% greater than
that recorded at CC (P=0.002) and AC (P=0.0002). In general, we observed a tradeoff
between the number and the size of offspring produced (Figure 22), with mollies at AC
and CC having many, small offspring, compared to mollies from PM and MB which
produced fewer, but larger offspring. In fact, the size of offspring at PM was
considerably larger than would be expected given the number of offspring produced by
mollies at that site (Figure 22). In contrast, mollies from MB produced fewer offspring
than expected based on a reproductive tradeoff and compared to females from other sites
that produced similar-sized offspring.
Mean reproductive allotment displayed less variation among tributaries than other
measures of reproduction and ranged from 14.9 – 21.5% of maternal biomass.
Significant differences were detected for reproductive allocation among tributaries
(ANCOVA, F=9.52, P<0.0001, Figure 23). Specifically, mollies at PM had the highest
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allotment and contributed up to 44% more biomass to reproduction than mollies from the
ten other tributaries (SMM-adjusted multiple comparisons, P<0.0001). Mollies at PM
contributed approximately 30-40% more biomass to offspring than mollies at MB, AC.
Despite their contrasting and statistically different reproductive strategies, mollies at PM
allotted only 5% greater biomass to offspring than mollies from CC. The same was true
for mollies from MB (14.9% allotment) and AC (16.3% allotment), which also had
divergent strategies but displayed very similar reproductive allotment (P=1.000).

Predation risk
Of the 240 tethered mollies deployed in creeks, 121 were missing at the end of the
tethering experiments. Standardized to 60 min, the percentage of missing fish was lowest
at PM (16.2 ± 5.3%, mean ± SE) and considerably higher, as predicted, at CC (43.0 ±
6.5%) and AC (54.7 ± 3.6%). At MB however, more fish were missing (40.6 ± 5.0%)
than predicted based on reproductive attributes. Risk of predation differed among creeks
(Wald !2=17.41, P=0.0006, Figure 24). Compared to PM where the fewest fish were
missing, the risk of becoming prey was 2.5 times greater at MB (!2=7.38, P=0.0066), 2.6
times greater at CC (!2=9.77, P=0.0018) and 3.4 times greater at AC (!2=16.99,
P<0.0001; Figure 24). Fish at MB were at greater risk than predicted from reproductive
strategies and were not at any less risk than fish from CC (!2=0.21, P=0.64) or AC
(!2=2.63, P=0.10) where risk was only 1.1 and 1.4 times greater than at MB. Predation
risk was similar for fish at AC and CC (!2=1.36, P=0.24) and was 1.2 times greater at AC
than at CC.
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During predation control trials, only 2 of 49 fish (4%) escaped their tethers and 3
of 49 fish (6%) were dead, but still tethered, at the end of the trials. The size distribution
for missing fish was not statistically different from the overall distribution of tethered fish
(K-S test, P>0.05) nor were there any depth-related trends in the number of missing fish
(K-S test, P>0.05). Therefore, we had no reason to believe that differences in prey size or
water depth among creeks were responsible for the observed differences in predation on
tethered mollies.
We confirmed predator identity for eight of the 121 missing fish when predators
were found attached to the end of the tether after completely consuming the tethered
molly. Seven of these eight cases occurred at the higher predation sites (CC and AC). In
each case, large (80-100 mm SL) gulf killifish (Fundulus grandis) were identified as the
predator. Although the identity of most of the subtidal predators was unknown,
seventeen known piscivorous taxa from four groups including decapod crabs, fishes,
reptiles and wading birds were observed near tethered or missing mollies or were feeding
on small fish nearby during deployment and retrieval of fish (Table 10). At AC, groups
of 6-8 F. grandis were observed anticipating the deployment of tethered mollies at the
start of the trials. While this may seem to suggest learned behavior on the part of the
predators, this behavior was observed on all occasions at this site, including the first trial.
In general, the frequency with which one or more potential predators were observed was
much greater at AC (n=13) and CC (n=10) compared to MB (n=5) and PM (n=5).
Furthermore, the total number of potential predators observed was also greater at AC
(n=20) and CC (n=10) compared to MB (n=8) and PM (n=5). However, the number of
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different piscivorous taxa was similar for most of the creeks (6-8 taxa) but was lowest at
PM (4 taxa).
We correlated the reproductive traits of sailfin mollies with our quantitative
estimates of predation risk to examine the relationships (Figure 25). Mean offspring size
was negatively and most highly correlated (Spearman r = -1.00, P<0.0001) with
predation risk, such that a three-fold difference in predation risk between creeks (PM vs.
AC) was accompanied by a 42% reduction in offspring size. Reproductive allotment was
also negatively correlated with predation risk (r = -0.40, p = 0.60) although high
predation risk, in contrast to our prediction, was not consistently related to high allotment
as observed at PM where risk of predation was lowest but allotment was highest. Despite
not being statistically significant, number of offspring increased with predation risk (r =
0.80, p = 0.20) as predicted by reproductive strategy such that a high risk of predation
was associated with the production of up to 74% more offspring at AC compared to PM
(Figure 25).

Discussion
As with previous studies examining the implications of predation on reproduction
(e.g., Reznick and Endler 1982; Reznick et al. 1990; Johnson and Belk 2001; Jennions
and Telford 2002), we observed a tradeoff between the size and number of offspring
produced by natural populations of sailfin mollies in mangrove tidal creeks.
Furthermore, female mollies exhibited observable variation in reproductive life histories
of the same magnitude reported from previous studies demonstrating strong predation
effects (e.g., Reznick and Endler 1982). As predicted, the risk of predation, quantified
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during tethering experiments, became greater across tributaries as mollies were observed
to produce increasingly larger broods and smaller offspring.
Despite the overall trend for smaller and more numerous offspring with increasing
risk, the measured response to predation was not sufficient to fully explain the
reproductive strategy observed at one of our study sites. Contrary to our initial
predictions, field experiments suggested that risk of predation at MB was relatively high,
even though mollies from that site had produced smaller broods and larger offspring than
mollies from most of the eleven tributaries examined (i.e., other than PM and MM).
Similar results were reported by Walsh and Reznick (2009) for the killifish (Rivulus
hartii), which indicated that females from the high-predation area of one tributary
produced the smallest eggs as expected, but also had the fewest offspring and lowest
reproductive allotment compared to high-predation areas from four other tributaries.
Greater than average gene flow between high and low predation areas within the tributary
was suggested by Walsh and Reznick (2009) as the reason for this anomaly and is a
plausible scenario that may also explain our observations from MB. We observed nearly
identical reproductive strategies for mollies from MB and the mosquito ditches at MM
(Table 9), which are located within the same wetland (Online Resource 1) and are
intermittently connected by tides. In contrast to MB, MM has much shallower, narrower
intertidal channels (Krebs et al. 2007) that may provide better refuge from the predation
observed at MB. Furthermore, densities of potential predators, including F. grandis, are
known to be lower at MM compared to MB (Krebs et al. 2007, Krebs unpubl. data). We
suggest that lower predator densities and greater structural refuge is indicative of lower
predation risk at MM relative to that experienced by mollies at MB and that gene flow
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between these two areas has shaped the observed reproductive strategy there. If so, these
features may explain the greater than expected level of predation at MB.
The unexpectedly high risk of predation at MB may also be explained by the
combined costs of predation and limited resource availability as previously argued by
Walsh and Reznick (2008). Their investigations on the selective forces influencing the
life history of R. hartii showed that under low-food conditions, killifish produced few and
large offspring, regardless of the level of predation in their native stream (i.e., highpredation vs. low-predation). These results support the idea that food availability may
have a direct effect on life history while predators indirectly control per capita food
availability by regulating the size of the local prey population and thus competition for
food. Insufficient food resources at MB may have been a more prominent influence on
prey reproduction than predation in this case, and if so, in selected settings predation risk
alone would inadequately predict predator effects on prey life-history attributes.
When predators are infrequently encountered and the risk of predation is low, the
indirect effect on prey reproduction mediated through their control of prey densities
(Bashey 2008; Leips et al. 2009) seems clear. As we observed at the PM site, mollies
experiencing a very low risk of predation produced relatively large, but few, offspring in
accordance with theory. An examination of the density of sailfin mollies across all study
sites suggests that the lack of an indirect predator effect (i.e., minimizing intraspecific
competition for food) might be comparatively important at the PM location. Specifically,
fish densities at PM were among the highest observed during this study (1,221 fish 100
m-2, Krebs, unpubl. data) with mean density of sailfin mollies nearly three times that
observed in the other tributaries at which predation risk was quantified. Densities at MB
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(259 fish 100 m-2) were also relatively high compared to CC (81 fish 100 m-2) and AC
(84 fish 100 m-2), but still considerably less than that observed at PM. Thus, the highest
fish densities were found at the site with lowest predation risk. High densities
undoubtedly elevate competition for food resources (Reznick et al. 1996, Werner and
Peacor 2003) and present the type of stressful social conditions that have been shown to
influence poeciliid life history patterns in other systems (Bashey 2008). Low densities,
on the other hand, may indicate relatively high predation mortality (Werner and Peacor
2003). The impact of high densities are evident even when per capita food is kept
constant, however, as higher densities have been shown to result in the production of
fewer and larger offspring by guppies (P. reticulata; Dahlgren 1979, Bashey 2008) and
least killifish (Heterandria formosa; Leips et al. 2009) compared to conspecifics
occurring at lower densities. Although the mechanism by which direct predator effects
shape prey reproduction has yet to be resolved, the results of the above studies
collectively illustrate a potential indirect role of predators in regulating prey populations
and the consequences of low predation pressure for prey life histories.
Recent studies examining variation in poeciliid life histories have expanded to
new systems, including sulfidic caves and streams (Riesch et al. 2010a,b), which has
allowed an opportunity to further explore the factors shaping reproduction. By
comparing reproductive strategies for several poeciliid taxa from toxic sulfide and nonsulfidic habitats in southern Mexico, Riesch et al. (2010a,b) evaluated the role of
physiological stressors and demonstrated that females from habitats with high levels of
H2S produced fewer, larger offspring than females from low H2S environments. The
tidal mangrove setting in which our study was conducted offers a similar chance to
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consider how environmental variation factors into reproductive differences among
locations. The reproductive strategy that we observed for mollies at PM may reflect, in
part, a response to physiological stress induced by low dissolved oxygen levels (frequent
hypoxia, <2.0 mg/L on 15 of 20 days measured over a three-year period) and the
presence of hydrogen sulfide (H2S) in surficial sediments (Krebs, pers. observ.). The
magnitude of the variation in offspring size (nearly 50% larger) and number
(approximately 50% fewer, on average) observed by Riesch et al. (2010a,b) for two
poeciliid taxa between stressful and benign habitats was only slightly greater than the
differences in fecundity and offspring size that we observed among tidal tributaries in our
study (Table 9). Similar strategies (i.e., fewer, larger offspring than individuals from
other sites) for congeneric poeciliids from PM in Tampa Bay and sulfide-rich Mexican
streams exemplify the potential impact of stressful environmental conditions on
reproductive life histories.
Reproductive allotment by female mollies in our study varied among tidal
tributaries that differed in their level of predation risk and appeared to be in accord with
the level of variation reported from a host of related studies (see Introduction). The
variation in reproductive allotment among tidal tributaries in Tampa Bay (5.0%
difference in allotment across predation regimes) was less than that observed for guppies
in Trinidadian tributaries (Reznick et al. 1996; 9.0%) but greater than that observed for
guppies in several other studies (Reznick and Endler 1982 – 3.5%; Reznick et al. 1990 –
3.5%; and Reznick et al. 2001 – 2.6%) and for the killifish, R. hartii (Walsh and Reznick
2008 – 3.0%). The magnitude of difference in allotment across all predator conditions
appears to be remarkably small and supports the suggestion by Reznick and Endler
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(1982) that reproductive allotment may not be strongly affected by predation. Unlike
these aforementioned studies in which reproductive allotment was shown to be higher in
the presence of predators (but see Johnson and Belk 2001), we observed an inconsistent
relationship, which further suggests that reproduction may not always be strongly tied to
predation. Allotment was highest for mollies at PM where predation risk was lowest, but
also high at CC where predation appeared to be high and among the lowest at AC where
predation risk was highest (Figure 23). The effects of maternal body size may underlie
the unexpected trend in reproductive allotment recorded for mollies in the tidal
tributaries. Specifically, among poeciliid fishes, smaller females typically produce fewer
offspring than larger ones due to the constraints imposed by body size. Under conditions
of limited food resources (as may be the case due to high densities of mollies at PM),
small females produce larger offspring than when food is not limiting (Reznick and Yang
1993). Mature female mollies at PM were the smallest observed in any of the tidal
tributaries and were 15-25% smaller than mature females from most of the other
tributaries in our study (Krebs, unpubl. data). Thus at PM, the combined effects of small
body size and limited food resources may maximize the disparity in size between mother
and offspring (i.e., by resulting in smaller-than-average females and larger-than-average
offspring) and result in relatively higher reproductive allotment at this site. We
speculate, based on the previous studies cited above, that, in the absence of strong
predator effects, the combination of high conspecific densities, competition for food and
relatively small maternal size collectively shape the reproductive strategy of female
mollies in this particular location.
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We observed an interesting pattern of maternal provisioning to offspring during
the present study. Specifically, offspring size increased during gestation among sailfin
mollies at our sites, indicating the potential for continued energetic investment in
offspring beyond that provided by the yolk, a strategy termed matrotrophy. Maternal
provisioning, described using the matrotrophy index (Reznick et al. 2002), was greatest at
MM, AC and CC (1.61-1.67) and least at PM, MB and CL (1.12-1.43; Krebs, unpubl.
data). Trexler (1985) suggested the possibility of matrotrophy in sailfin mollies and more
recently confirmed it for mollies from Tampa Bay (Trexler 1997) by demonstrating that
the degree of matrotrophy for this species was related to food availability and salinity,
with greater matrotrophy observed for mollies in saline waters with ample food. At
present, the benefits of matrotrophy versus lecithotrophy (i.e., no further maternal
investment beyond the yolk) in the context of predation and the implications for
individual fitness remain unclear. However, the degree of matrotrophy in our study was
consistent with reproductive strategies (i.e., higher matrotrophy was observed for females
that produced many, small offspring) and was highest at AC and CC where predation risk
was estimated to be most intense.
Most previous studies examining the influence of predators on the reproduction of
their prey have characterized life history strategies by comparing individuals from areas
known to contain predators and those thought to be largely devoid of them (e.g., Reznick
and Endler 1982; Fraser and Gilliam 1992; Downhower et al. 2000) by either conducting
field observations to determine the presence/absence of predators or through controlled
laboratory experiments which consist of a “predator” treatment vs. a “no predator”
control. As each of our study sites supported known predators of mollies (Table 10), we
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were able to use observed variation in prey life-history strategies, and the results of
previous studies, as the template for establishing the expected ordering of predation risk
across locations. By combining observations on reproductive traits of mollies with an
experimentally derived estimate of predation risk across multiple sites, our approach
demonstrates an alternative and novel method for assessing the relationship between prey
reproductive strategies and predation risk as a quantitative variable, and importantly does
not require the inclusion of “predator free” conditions which may be difficult to identify
in natural systems. Likewise, expanding the assessment of predator effects from
categories (e.g., high vs. low) to a continuous measure of predation risk may provide
valuable interpretative ability. The greater than anticipated risk at one of our sites
suggests that the prey response to predation may not follow a continuous trajectory of
incremental change with increasing predation risk, but may be better defined as a
threshold beyond which a significant shift in reproductive strategy occurs. Only by
applying a quantitative approach to assessing predation will this dichotomy be resolved.
In summary, we have examined the association between predation risk and prey
reproductive strategy by predicting the intensity of predation based on a priori
knowledge of prey reproduction. By quantitatively estimating predation risk, we have
demonstrated a novel approach to more finely resolving the relationship between
predators and prey and have applied this approach to test the well-discussed idea that
predators have the potential to mediate a tradeoff between prey-offspring size and
number. Risk of predation generally reflected the observed variation in prey
reproduction, yet our observation of unexpectedly high predation at a site predicted to be
of “low risk” based upon the reproductive attributes of sailfin mollies underscores the
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complexity of predator-prey relationships. Confounding the issue, in ours and many
other cases, is the fact that multiple forces usually contribute to shape reproductive life
histories (Roff 1992; Reznick and Travis 1996; Johnson 2002; Walsh and Reznick 2008),
and although predation seems to play a dominant role (Strauss 1990), debate continues as
to the mechanism by which it acts (Downhower et al. 2008; Langerhans and Gifford
2008). Whether the effect of predators is direct - through prey mortality - or indirect via
nonconsumptive pathways, the association between risk imposed by predators and the life
histories of their prey consistently emerges. Addressing these issues will be challenging
in tidal waters as fish access to resources and refugia in these systems is in constant flux.
It is likely that reproductive strategies reflect a predator-mediated balance between the
energetic income from food resources, the costs associated with acquiring those resources
in the face of competition and under risk of predation and the expense of maintaining the
“internal milieu” in a sometimes unfavorable (Timmerman and Chapman 2003) and
constantly changing physicochemical environment. Thus, continued study will be needed
to identify the context in which each of these factors operates, the consequences of
interactions among factors and the conditions that promote the greatest variation in prey
life-history strategies.
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Table 9. Reproductive attributes of female sailfin mollies (Poecilia latipinna) from mangrove tidal tributaries
in Tampa Bay, FL

Tributary

n

SL of gravid
females (mm)a

Archie
Clark
Cockroach
Frog
Mobbly Bayou
Mobbly mosquito
Peppermound
Picnic
Tinney
Wares
Weedon

35
57
59
60
59
59
60
61
40
57
57

45.06 ± 1.33
46.86 ± 0.73
49.67 ± 0.74
46.03 ± 0.78
48.48 ± 0.63
45.54 ± 0.72
40.37 ± 0.49
47.39 ± 0.77
42.14 ± 1.06
50.88 ± 1.05
46.37 ± 0.86

WW of gravid
females (g)a
3.66 ± 0.33
3.80 ± 0.18
4.56 ± 0.20
3.65 ± 0.20
3.99 ± 0.15
3.34 ± 0.15
2.24 ± 0.08
3.88 ± 0.19
2.56 ± 0.23
4.75 ± 0.28
3.62 ± 0.19

Fecundity

Offspring size
(mg)c

RA (%)c

41.0 ± 3.68
32.1 ± 2.22
42.5 ± 3.20
33.5 ± 2.30
26.2 ± 1.80
26.3 ± 1.93
23.5 ± 3.32
32.4 ± 2.17
34.6 ± 3.84
29.9 ± 2.21
32.6 ± 2.30

16.93 ± 1.60
21.70 ± 1.34
18.45 ± 1.23
20.56 ± 1.26
22.22 ± 1.39
22.26 ± 1.34
28.87 ± 1.87
20.23 ± 1.25
21.45 ± 1.75
21.18 ± 1.34
23.03 ± 1.46

16.3 ± 1.8
18.4 ± 1.3
20.4 ± 1.6
17.4 ± 1.3
14.9 ± 1.1
15.5 ± 1.1
21.5 ± 1.7
17.1 ± 1.3
17.2 ± 1.7
16.4 ± 1.2
19.6 ± 1.5

b

a Mean female size (± 1SE)
b Least-square mean (± 95% CI) corrected for female wet weight and estimated at the grand mean wet weight.
c Least-square mean (± 95% CI) corrected for female wet weight and embryo developmental stage and estimated
at the grand mean wet weight.
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Table 10. Observations of potential predators recorded during tethering experiments to
assess predation risk for sailfin mollies at two putative low and two high predation sites
Creek
Low
High
predation
predation
Potential predators
PM
MB
CC
AC
Decapod crabs
Callinectes sapidus (blue crab)

1

Fishes
Belonesox belizanus (pike killifish)
Centropomus undecimalis (common snook)
Fundulus grandis (gulf killifish)
Strongylura spp (needlefish)
Cichlasoma urophthalmus (Mayan cichlid)
Elops saurus (ladyfish)
Ariopsis felis (hardhead catfish)
Reptiles
Alligator mississippiensis (American alligator)
Nerodia clarkii (mangrove salt marsh snake)
Unidentified snake
Emydidae (freshwater turtle)
Apalone ferox (Florida softshell turtle)

1

1
3

1

1
1

1
3
1
1
1
1
2
1
1
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8
1
3

2

Wading birds
Ardea herodias (great blue heron)
Egretta tricolor (tricolored heron)
Egretta caerulea (little blue heron)
Observations of one or more potential predators
Total number of potential predators
Number of taxa

3

5
5
4

5
8
7

1
1

10
10
6

1
2
13
20
8
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Conclusions
The results of my research collectively support that coastal development has the
potential to influence the quality of nekton habitat in mangrove tidal tributaries. Using a
suite of nekton-based metrics to evaluate the link between land use and habitat quality, I
have demonstrated that several aspects of watershed development and in-stream fish
habitat are reflected, in part, by the variation observed in nekton community structure,
species-level densities, body condition and reproduction (Chapter 1). Among the factors
identified as potential contributors to differences in habitat quality across tributaries, the
extent of urbanization in the watershed immediately surrounding tributaries provided the
best explanation for the observed variability in nekton metrics. The relationship between
urbanization and nekton-habitat quality was demonstrated at several ecological levels,
specifically through the dissimilarity in nekton community-structure between urban and
non-urban tributaries, lower density and poorer body condition of several common
nekton taxa in urban tributaries and better biochemical condition (i.e., more energy
reserves) of sailfin mollies from urban tributaries.
Explaining the underlying causes of variation in fish-habitat quality is more
difficult than observing this variation. Although four classes of tidal tributary (i.e.,
undeveloped, industrial, urban and man-made) were defined at the outset of the study,
some of the most apparent contrasts in nekton metrics were observed between urban and
non-urban tributaries (Chapter 1). Therefore, it stands to reason that the defining
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characteristics of urban vs. non-urban land uses play an influential role in modifying
patterns of habitat quality among tributaries.
Extent of impervious surface was identified during my research as one of the
landscape factors that best explained the observed variation in nekton metrics (Chapter 1)
and has been cited as one of the defining characteristics of urbanization (Arnold and
Gibbons 1996, Xian and Crane 2005, Xian et al. 2007, this study). As described in
previous studies, the most likely mechanism linking impervious surface with the
environmental characteristics of fish habitat in surface waters involves a reduction in the
infiltration of rainwater into the soil and an increase in the volume and timing of runoff to
surface waters (Arnold and Gibbons 1996, Paul and Meyer 2001, Allan 2004). A direct
consequence of increased impervious surface is the introduction of greater and more
immediate volumes of freshwater to tidal tributaries, which has implications for the
salinity regime. Rapid delivery of runoff to surface waters also has the potential to carry
with it suspended sediments which increase the likelihood of sediment deposition and
decreased tidal connectivity between the tidal tributary and the adjacent estuary. Based
on the results presented here (see Chapters 1 and 2), I hypothesized that these factors,
specifically salinity regime and tidal connectivity provide a reasonable explanation for
the link between the intensity of coastal development (as measured by impervious
surface) and the quality of nekton habitat in mangrove tidal tributaries.
While urbanization appeared to be detrimental at the community level (based on
low species richness and dissimilar community structure between urban and non-urban
tributaries), some “beneficial” aspects of urban land use were suggested. Urban
tributaries, with their altered hydrology and lower average salinities, may provide high-
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quality habitat for some species of forage fish (e.g., P. latipinna), and supporting high
densities (Chapter 1), high energetic condition (Chapter 2) and low predation (Chapter 3)
of the fish. Yet low species richness indicates that this is at the expense of habitat quality
for the greater nekton community. That is, those aspects of nekton habitat that allow one
species to thrive (in this case, P. latipinna) are not necessarily the optimal conditions for
many other nekton taxa. The reduced habitat quality of these areas for the nekton
community, in general, may be partially offset, however, if they provide high-quality
forage areas with easily accessible, energy-rich prey for upper trophic levels.
In addition to the apparent energetic advantage derived from urban tributaries, the
fish, P. latipinna, also appeared to experience lower risk of predation (Chapter 3) in these
areas as a result of poor tidal connectivity of at least one of the urban tributaries. The
implications of low predation risk for reproduction by P. latipinna in tidal tributaries and
the nature of the relationship (i.e., direct vs. indirect) remain unclear due to contrasting
levels of predation risk for P. latipinna exhibiting divergent reproductive strategies.
However, my results suggest that prey may respond to increasing predation risk with a
punctuated shift in reproductive strategy at a specific threshold of predation risk rather
than via a gradual shift from fewer, large offspring to many, small offspring. Regardless
of the underlying factors, the level of predation risk should be considered as a natural
element defining habitat quality in mangrove tidal tributaries.
Of all of the nekton-based metrics examined during this research, my results
reiterate that total animal abundance is a poor indicator of habitat quality and is often a
misleading measure of the value of the habitat to the overall nekton community. As
suggested by numerous previous studies (listed in Appendix A), total nekton abundance
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was found to be an insensitive, if not misleading, indicator of habitat quality because of
the contrast between high abundance and low species richness, biomass, body condition,
growth and survival (e.g., Van Horne 1983, Sogard 1992, Guindon and Miller 1995,
Norcross et al. 2001, Curran and Able 2002, Manderson et al. 2004, Meng et al. 2004,
Lipcius et al. 2005, Pihl et al. 2005, Taylor 2005, Krebs et al. 2007, Amaral et al. 2008).
In several tributaries, I observed high nekton density to be associated with a complex
assemblage of species (i.e., relatively high species richness and evenness, as observed at
Frog Creek and Picnic Creek), while in other cases, tributaries were dominated by high
densities of but a few, eurytolerant, species, but were otherwise depauperate in common
taxa (as observed at Peppermound Creek). In general, however, total abundance was
positively correlated with species richness. In contrast, metrics that capture variation in
species-level abundance and community structure, and those descriptive of biological
traits, such as biochemical condition and reproduction, appear to be more sensitive to the
potential effects of coastal development.
I recommend that future studies use nekton-community structure as an initial
screening tool with which to identify similarities among tidal tributaries and to determine
the potential for tributaries to support a diverse nekton community. Based upon the
apparent link between urban land uses, specifically the extent of impervious surface, and
the habitat characteristics of urban tributaries (e.g., low mean salinity, altered shorelines),
habitat restoration efforts in these systems could benefit from measures which reduce the
rate and volume of freshwater inflows, replace shoreline habitat and restore riparian
buffers and remove salinity barriers to improve tidal connectivity. Further examination
of the link between land use and nekton-habitat quality is needed, particularly with a
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focus on the role of nutrient inputs, sediment accumulation as it affects habitat
connectivity between tidal tributaries and the adjacent estuary, and the extent of
vegetated intertidal area required to provide habitat for nekton and to minimize the
influence of urban land uses.
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Appendix B
Caveats of Sample Collection
Several caveats related to my sampling approach should be considered when
reviewing the results presented here. First, my random sampling design was constructed
to characterize the nekton community in shallow, mangrove-lined tidal tributaries, while
providing replicate samples from three tributaries within each land-use class to capture
variation within land use accurately and allow reliable assessment of any relationships
between land use and nekton metrics. Realizing that tidal creek fishes and crustaceans
are often associated with structure, I directed my attention specifically to small-bodied
nekton (!150-mm SL) along tributary shorelines and conducted sampling events when
water levels were within the tributary banks and shoreline structure was not inundated. I
also limited my sampling from March to October, months during which nekton densities
and species richness are highest (Krebs et al. 2007, Greenwood et al. 2008b). This
approach allowed for the proportion of the nekton community represented in my samples
to be maximized. The use of this approach, likely under represents larger-bodied nekton
and schooling taxa, both of which are also present in the creek channel, away from the
shoreline, and often move from the open estuary into the tributary during higher tides.
However, large nekton are more common in the tributary when shorelines are inundated
than on lower tides when samples were collected (Krebs, pers. observ.). In addition,
larger-bodied nekton are able to avoid small seine nets similar to the one used in the
present study. My sampling protocol, which was limited to seasons of highest nekton
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densities probably overestimates densities of small-bodied nekton compared to studies
that take a broader approach and conduct year-round sampling of multiple tributary
habitats (e.g., shallow shorelines, deeper open water) or sample over the entire tidal
cycle.
Comparing my density estimates with those reported from previous studies that
have utilized slightly different sampling approaches (Krebs et al. 2007, Greenwood et al.
2008a,b) illustrates the need for the caveats outlined above. My estimates of mean
nekton density by tributary ranged from 392 to 2,577 fish 100-m-2 and were greater than
those of Greenwood et al. (2008a,b) who reported approximately 123 to 1,996 fish 100m-2 based on seasonal samples (May and September) at AC, PM and TC and monthly
samples at FC (2006) and CC (2007). Although samples from all three studies were
collected along tributary shorelines using the same sampling gear, the approach employed
by Greenwood et al. (2008a,b) included collection of samples over a greater tidal range,
during higher water and along inundated shorelines when small-bodied nekton move into
structure and are better able to avoid collection (Ellis and Bell 2008). This difference in
sampling approach may explain the lower estimates of total nekton density reported by
Greenwood et al. (2008a,b) compared to those that I report here.
Density of small nekton was also higher than those reported from earlier studies of
tidal creeks and mosquito ditches at FC, MB, MM and WI (Krebs et al. 2007) where mean
nekton densities ranged from 402 to 1,025 fish 100-m-2 after one year of seasonal sampling.
However, different sample collection techniques were utilized in Krebs et al. (2007) than in
the study reported here. Unlike the raft-seine approach used by both Greenwood et al.
(2008a,b) and the present study to collect nekton along tributary shorelines, Krebs et al.

189

(2007) used a block-net approach to collect samples from fixed stations using a seine net
deployed across the creek within an enclosed area and pulled longitudinally into the current,
during successive sweeps. This approach differed from the raft-seine because of: 1) the type
of habitat sampled and 2) the area sampled, both of which may account for the observed
differences in nekton density. The block-net approach sampled a larger area (approximately
40-80-m2) than the other studies (10-m2), included both shorelines and the creek channel and
utilized successive net sweeps to ensure thorough sampling. Each of these factors (i.e., larger
area, more diverse habitat) should have produced higher density estimates than those
recorded in the other studies, which sampled only one shoreline and a much smaller area.
However, assuming that densities of small-bodied nekton are greatest along shoreline
structure and considerably less in the deeper waters of the open creek channel, then estimates
of nekton density derived from shoreline samples will overestimate the creek-wide densities.
Furthermore, year-round sampling conducted by Krebs et al. (2007), included the cooler,
drier months when nekton densities were approximately 50% (271 fish m-2) of that observed
during the warmer, wetter months (556 fish m-2) also sampled in the present study and by
Greenwood et al. (2008a,b). Finally, unlike the other studies, 4) palaemonid grass shrimp,
which were one of the most abundant taxa and accounted for nearly 20% of all nekton in the
present study, were not enumerated by Krebs et al. (2007). When mean densities from Krebs
et al. (2007) are recalculated in terms of shoreline area sampled (excluding the area of
channel habitat) and grass shrimp densities are excluded from my density estimates, the
range of mean densities observed during the present study (548 to 1,611 fish 100-m-2) is
more comparable to that reported by Krebs et al. (2007) (885 to 1,625 fish 100-m-2).
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